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SUMMARY 


A  program  was  conducted  to  demonstrate  the  performance  of  the  variable 
area  scroll  po'  e  •  ♦r.'.nsfer  system  using  full  scale  lift  fan  hardware  and 
system  analog  simulation.  The  demonstrator  lift  fan  system  utilizes  the 
lightv/eight  LF2  rotor  system.  The  analog  simulation  was  performed  to 
predict  and  verify  test  results  and  to  extend  predicted  performance  to 
ranges  of  operation  outside  the  limits  of  the  demonstration  tests. 

The  variable  area  scroll  power  transfer  system  was  demonstrated  to  be  an 
acceptable  method  of  providing  aircraft  control.  Response  rates  of  0.31 
second  for  roll  control  and  0.10  second  for  height  control  were  demon¬ 
strated.  Insertio..  of  an  anticipatory  device,  called  the  jazzer,  can  im¬ 
prove  fan  response  for  roll  control  to  about  one-half  the  originol  level 
without  overshoot. 

Performance  of  the  lightweight  LF2  rotor  system,  with  the  variable  area 
scroll,  exceeded  performance  objectives  as  established  by  previous  X353-5B 
experience. 


FOREWORD 


This  report  describes  the  results  of  a  program  for  the  design,  demonstra¬ 
tion,  and  evaluation  of  a  variable  area  scroll  concept  applicable  to 
lightweight  tip  turbine  lift  fan  systems.  The  variable  area  scroll  con¬ 
cept  utilizes  a  variable  area  turbine  nozzle  to  provide  thrust  modulation 
for  aircraft  control.  The  lightweight  fan  was  the  LF2  system,  a  design 
improvement  over  the  existing  X353-5  lift  fans  that  powered  the  XV-5A 
aircraft . 

The  program  was  initiated  in  June  1964,  with  first  demonstration  tests  in 
August  1966;  the  program  was  completed  in  December  1966.  Simultaneous 
with  the  design  and  demonstration  phases,  an  analog  simulation  program 
was  conducted.  The  analog  program  provided  numerous  inputs  during  the 
early  design  phases.  The  analog  simulation  also  provided  a  method  of 
predicting  system  performance  outside  the  range  of  the  demonstration 
program . 

The  program  was  conducted  by  the  Flight  Propulsion  Division  of  the  General 
Electric  Company,  Cincinnati,  Ohio.  Component  design  and  manufacture  and 
conduct  of  the  test  programs  were  under  the  direction  of  General  Electric 
personnel.  The  demonstration  tests  and  analog  simulation  were  performed 
in  the  facilities  of  the  General  Electric  Company.  The  variable  area 
scroll  was  designed  and  manufactured  unde’*  United  States  Army  Contract 
DA  44-177-AMC-220(T) .  The  lightweight  LF2  lift  fan  rotor  assembly  was 
provided  by  the  United  States  Air  Force  Contributing  Engineering  Program. 
The  demonstration  test  program  was  conducted  to  obtain  both  lift  fan 

system  performance  using  the  LF2  rotor  and  variable  area  scroll  control 
system  performance. 

This  report  summarizes  the  design  and  manufacture  of  the  variable  area 
scroll;  the  results  of  the  demonstration  tests,  both  LF2  and  variable 
area  scroll  performance;  and  the  results  of  the  analog  simulation  program. 

The  efforts  of  many  people  contributed  to  the  successful  accomplishment 
of  the  program  reported  herein.  Acknowledgement  is  hereby  given  to 
L.J.  Volk  for  the  analog  simulation  program,  to  E.J.  Ferko  for  the  design 
and  design  description  of  the  variable  area  scroll,  to  T.L.  Oiler  for 
test  data  processing,  to  G.C.  Alford  for  analysis  of  rotating  components 
and  to  D.V.  Robinett  for  conduct  of  the  test  and  performance  analysis. 
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INTRODUCTION 


The  XV-5A  flight  research  aircraft  has  successfully  demonstrated  the  capa¬ 
bilities  of  the  lift  fan  propulsion  system  in  V/STOL  flight.  Aircraft  con¬ 
trol  is  obtained  during  vertical  and  transition  flight  by  a  fast  response, 
thrust  spoiling,  exit  louver  system.  Although  relatively  simple,  the  lou¬ 
ver  spoiling  system  is  inadequate  for  heavier  aircraft  because  it  requires 
that  part  of  the  lift  be  spoiled  and  held  in  reserve  to  supply  the  air¬ 
craft  control  forces. 

Investigations  of  the  control  and  propulsion  system  requirements  of  future 
V/STOL  aircraft  designs  have  shown  that  a  power  transfer  type  of  control 
system  is  very  attractive  when  compared  to  both  the  thrust  spoiling  con¬ 
cept  and  separate  control  devices.  The  next  logical  step  in  the  evaluation 
of  improved  lift  fan  systems  was  the  actual  demonstration  of  the  power 
transfer  method  of  lift  modulation. 

With  this  goal  in  mind,  the  task  was  undertaken  to  design  and  manufacture 
a  variable  area  scroll  capable  of  producing  the  required  power  transfer. 

The  demonstration  testing  of  the  system  would  include  the  second  genera¬ 
tion  of  lift  fan  rotors,  the  LF2.  The  LF2  rotor  level  of  polar  moment 
of  inertia  is  required  to  permit  demonstration  with  the  control  response 
rates  compatible  with  the  aircraft  requirements.  Fan  and  scroll  assembly 
sized  for  XV-5A  installation  was  an  established  requirement  for  the 
demonstration  system. 

With  these  requirements  established,  the  demonstrator  vehicle,  called  the 
LF2/VAS ,  consisted  of  the  following  major  components: 

o  The  partial  admission  variable  area  scroll 
o  The  lightweight  LF2  rotor 
o  The  lightweight  LF2  front  frame 

o  Existing  XV-5A  type  cross  ducts  and  diverter  valves 
o  Existing  X353-5A  lift  fan  rear  frame  and  louver  systems 
o  Two  J85  core  engines  as  gas  producers 

o  An  overboard  dump  system  to  simulate  the  opposite  hand 
fan  installation 

The  demonstration  tests  were  performed  in  the  lift  fan  test  facility  of 
General  Electric  in  Evendale,  Ohio.  The  test  program  was  established  to 
demonstrate  the  control  effectiveness  of  the  variable  area  scroll  system, 
the  dynamic  response  of  the  control  system,  and  the  mechanical  performance 
of  the  variable  area  scroll  and  LF2  rotor  system. 

The  demonstration  test  program  was  begun  on  August  26,  1966,  and  completed 
on  October  31,  1966.  The  test  program  encompassed  over  15  hours  of  fan 
operation,  mostly  at  95  percent  and  above  power  levels,  and  200  steady  state 
performance  conditions  were  measured.  In  addition  to  the  steady  state  per¬ 
formance,  numerous  transient  tests  were  conducted  to  obtain  control  effec¬ 
tiveness  using  power  transfer  for  roll  control,  using  fan  area  for  height 
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control 


and  using  engine  power  for  height  control. 


A  second  program,  performed  in  parallel  with  the  demonstration  program, 
was  an  analog  simulation  of  the  power  transfer  lift  fan  system.  The  dem¬ 
onstrator  fan  was  limited  in  scroll  size  capability  and  consequently  in 
power  modulation  range.  This  limit  was  dictated  by  the  restrictions  of 
envelope  established  by  use  of  the  existing  fan  frames.  Total  fan  turbine 
active  arc  was  restricted  to  168  degrees,  while  desired  power  transfer 
system  may  require  greater  than  200  degrees  of  arc. 

The  analog  simulation  provided  a  means  of  predicting  power  transfer  system 
performance  in  scroll  designs  employing  higher  admission  arcs.  Analytical 
methods  were  used  to  establish  the  basic  inputs  for  the  analog  simula¬ 
tion.  The  full-scale  demonstrator  fan  was  tested,  and  performance,  steady 
state  and  dynamic,  was  measured.  The  analog  was  compared  to  demonstrated 
performance  and  then  used  tc  demonstrate  the  larger  control  levels. 

This  report  summarizes  all  phases  of  this  test  program,  beginning  with 
the  design  of  the  variable  area  scroll  and  ending  with  the  completion  of 
the  analog  simulation.  Aerodynamic  and  mechanical  performance  of  both 
the  variable  area  scroll  and  LF2  rotor  system  is  presented.  The  results 
of  the  analog  program  are  presented,  compared  with  demonstrated  perform¬ 
ance,  and  used  to  predict  dynamic  fan  performance  over  a  large  range  of 
power  levels. 
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VARIABLE  AREA  SCROLL  CONCEPTS 


The  concept  of  lift  fan  gas  power  transfer  is  simple.  It  is  a  means  to 
shift  the  center  of  propulsive  lift  relative  to  an  aircraft's  center  of 
gravity  or  maneuvering  axis.  It  assumes  that  an  aircraft  will  have  two  or 
more  lift  or  lift/cruise  fans  with  their  individual  lift  centers  displaced 
from  the  aircraft  center  of  gravity.  'Thus,  if  it  is  possible  to  modulate 
fan  lifts  relative  to  each  other,  forces  and  moments  can  be  generated  to 
maneuver  an  aircraft  or  to  trim  unbalances. 

Lift  modulation  can  be  accomplished  by  spoiling,  as  demonstrated  in  the 
XV-5A.  This  is  an  entirely  practical  system  for  low  inertia  aircraft  of 
5,000  to  10,000  pounds  gross  weight,  but  it  imposes  an  unacceptable  lift 
penalty  as  aircraft  gross  weight  is  scaled  up  for  a  given  configuration. 
Figure  1  illustrates  this  effect  for  simple  '■ircraft  of  -the  XV-5A  type. 

The  curves  shown  are  for  a  specific  fan-airframe  relationship  and  are  not 
universally  applicable  to  all  aircraft  configurations.  However,  the  mes¬ 
sage  is  clear:  large  aircraft  require  more  efficient  means  of  lift  mod¬ 
ulation  than  spoiling.  The  increasing  difficulty  of  V/STOL  aircraft  con¬ 
trol  as  a  function  of  gross  weight  is  due  simply  to  a  divergence  of  the 
available  control  moment  and  the  inertia  which  must  be  accelerated.  If 
"L”  is  an  aircraft  dimensional  scale  factor,  then 
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Gross  weight  is  proportional  to  L  .  4 

Available  fan  control  moment  is  proportional  to  L  .  ^ 

Aircraft  polar  moment  of  inertia  is  proportional  to  L  . 

The  variation  in  the  required  control  performance  versus  aircraft  gross 
weight  has  been  subjected  to  endless  argument.  As  it  now  stands,  the  con¬ 
trol  efficiency  or  weight-plus- performance  penalty  must  improve  with 
increasing  gross  weight.  For  lift  and  lift/cruise  fan  powered  V/STOL  air¬ 
craft,  this  tends  to  define  three  categories  of  control  concepts: 

1.  Lift  spoiling  applied  to  fans 

2.  Gas  power  transfer  applied  to  fans 

3.  Separate  control  devices 

Figure  2  illustrates  a  typical  relationship  of  these  categories.  Large 
V/STOL  assault  transports  will  not  incorporate  lift  spoiling  type  controls. 
The  choice  between  gas  power  transfer  and  separate  control  devices  is  not 
clear.  Airframe  contractor  CX6  studies  show  a  division  of  preference. 
Generally,  those  who  used  both  lift  and  lift  cruise  fans  preferred  gas 
power  transfer. 

Two  methods  of  power  transfer  using  the  tip  turbine  concept  have  been 
identified.  The  two  methods  arc  the  variable  area  scroll  and  energy  mod¬ 
ulation.  This  report  is  concerned  with  the  demonstration  of  the  variable 
area  scroll  method,  and  a  detailed  description  of  the  concept  follows. 
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POWER  TRANSFER  FOR  ROLL  CONTROL 


Power  transfer  for  roll  control  in  pneumatic-driven  fans  may  be  accom¬ 
plished  by  shifting  gas  flow  from  one  fan  to  another.  To  change  the  flow 
delivered  requires  a  power  turbine  inlet  area  change.  To  increase  the 
power  in  a  fan,  the  turbine  inlet  area  must  be  Increased  while  another  fan 
turbine  area  is  decreased  an  equivalent  amount,  thus  shifting  the  flow  from 
one  fan  to  another  while  maintaining  a  constant  core  engine  discharge  total 
area,  gas  temperature,  and  pressure.  The  system  is  shown  in  Figure  3  in 
the  normal  balanced  condition  and  a  condition  representing  roll  power 
transfer. 

The  area  variation  is  accomplished  by  incorporating  small  splitter  vanes 
between  the  turbine  nozzle  partitions.  These  splitters  are  ganged  through 
a  linkage  which  will  actuate  these  splitters  in  small  groups  maKing  gradual 
increases  or  decreases  in  admission  arc.  This  approach  minimizes  throt¬ 
tling  losses  and  provides  a  nearly  linear  and  ideal  thrust  change  with 
flow.  The  fan  turbine  thus  operates  with  varying  degrees  of  turbine  admis¬ 
sion  arc.  Thrust  performance  in  this  system  Ideally  would  vary  as  the  two 
thirds  power  of  the  ratio  of  turbine  gas  flows.  Deviations  from  this  ideal 
occur  because  of  changes  in  ducting  pressure  losses,  additional  partial 
admission  power  losses  in  the  scroll  inactive  arc,  and  changes  in  turbine 
efficiency  and  scroll  leakage. 

FAN  AREA  FOR  HEIGHT  CONTROL 

Height  control  using  fan  area  may  be  accomplished  by  shifting  the  core 
engine  operating  conditions.  To  change  the  engine  operating  point,  the 
core  engine  discharge  effective  area  must  be  changed.  This  change  in  area 
may  be  produced  by  changes  of  the  fan  turbine  inlet  area.  In  contrast  to 
the  case  of  roll  control,  height  control  is  obtained  by  increasing  or 
decreasing  the  area  on  two  equivalent  fan  turbines  simultaneously  and  an 
equal  amount.  As  the  core  engine  area  increases,  the  total  available 
energy  decreases  as  determined  by  the  core  engine  performance  cycle. 
Decreases  in  area  Increase  the  total  energy  with  a  limit  established  at 
the  maximum  exhaust  gas  temperature  or  pressure  of  the  engine.  The  sys¬ 
tem  is  shown  in  Figure  4  in  the  balanced  condition  and  a  representative 
decreased  lift  condition. 

Thrust  performance  of  the  two  fan  systems  will  vary  as  the  two- thirds 
power  of  the  total  energy  being  supplied  of  the  core  engine.  The  total 
energy  variation  is  a  direct  function  of  the  fan  total  turbine  inlet  area. 

CORE  ENGINES  FOR  HEIGHT  CONTROL 

A  second  method  of  height  control  that  has  proved  effective  in  some 
research  VTOL  aircraft  la  manipulation  of  the  core  engine  power  level  by 
the  engine  throttle  system.  In  this  case,  the  total  fan  turbine  area  is 
held  fixed  and  total  system  thrust  is  varied  simply  by  changing  the  core 
engine  speed. 
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LIFT  FAN  DYNAMIC  PERFORMANCE 


A  measure  of  the  responsiveness  of  a  lift  fan  power  transfer  system  to 
input  commands  can  be  analytically  determined  by  calculating  the  time  con¬ 
stant  for  plus  or  minus  an  infinitesimal  speed  change  about  the  design  point. 
This  technique  is  useful  in  comparing  the  response  of  different  system  con¬ 
figurations, 

*  The  time  constant  is,  by  definition,  the  time  required  for  the  fan  to  tra¬ 
verse  an  incremental  change  in  speed  at  a  uniform  acceleration  equal  to 
the  initial  value: 

*  t  =  AN/ (dN/dt ) 

lim  AN  -  0 

where 

r  =  time  constant,  seconds 
AN  -  incremental  speed  change 
dN/dt  =  fan  rotor  acceleration 

This  time  constant  for  tip  turbine  fans  can  be  found  by  solution  of  the 
differential  equation: 

tt  -tf  =  (2n/60)  J0  <dN/dt> 

where 

Tt  ■  turbine  torque,  ft-lbs 
TF  -  fan  torque,  ft-lbs 

2 

Jq  *  fan  rotor  polar  moment  of  inertia,  slug- ft 
N  =  fan  speed,  rpm 

d/dt  ■  derivative  with  respect  to  time 

0  Representing  the  turbine  torque  as  a  linear  function  of  speed,  and  fan 

torque  from  the  fan  laws  as  a  function  of  the  square  of  the  speed,  and 
taking  the  limit,  the  following  expression  for  fan  time  constant  is 
obta ined  : 

r  -  (2-/60)  Jn  NDp/TDp  Oc  +  1) 

where 

k  =  ratio  of  the  locked  rotor  turbine  torque  to  tf  «•  design 
point  turbine  torque 
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Npp  ■*  fan  design  point  speed,  rpm 
Tpp  <*  fan  design  point  torque,  ft-lbs 

The  predicted  lift  fan  rotor  speed  time  constant  for  the  LF2/VAS  system  was 
calculated  to  be  0.31  second  at  100-porcent  fan  speed,  2750  revolutions  per 
minute . 

THE  JAZZER  SYSTEM 

Improvements  in  responsiveness  of  a  fan  system  may  be  obtained  by 
including  a  device  commonly  referred  to  as  a  jazzer.  The  jazzer  is  a 
simple  anticipatory  device  inserted  into  the  fan  control  system.  The 
device  can  be  either  mechanical  or  electrical.  A  mechanical  device  may  be 
preferred  over  the  electrical  system  for  reliability.  However,  during  this 
test  program  an  electrical  device  was  used  because  of  its  simplicity  to 
changing  operation  constants. 


The  mechanical  jazzer  system  and  an  equivalent  electrical  circuit  are 
shown  in  Figure  5,  The  electrical  circuit  is  a  simple  resistance-capaci¬ 
tance  network.  The  mechanical  jazzer  is  a  simple  spring  Jashpot  device. 


The  response  of  a  jazzer  system  is  of  the  following  form  for  a  step  type 
of  input. 


Output 

Input 


1  +  me 


< 


This  relationship  represents  a  function  that  is  equal  to  unitv  plus  a  mag¬ 
nification  factor,  m,  at  time  equals  zero,  and  is  washed  out  exponentially 
to  unity  as  time  increases.  Thus,  the  jazzer  system  initially  magnifies 
a  control  input  command  to  overcome  fan  inertia  and  quicken  fan  response. 
It  then  exoor.entially  washes  out  this  overshoot  to  the  steady-state  input 
level.  Figure  6  shows  a  typical  jazzer  response  characteristic  and  its 
effects  on  fan  system  responses. 

The  upper  figure  shows  a  step  input  of  unity  occurring  at  time  equal  zero. 
The  next  figure  shows  the  input  command  as  modified  by  the  jazzer.  The 
initial  level  at  zero  time  instantaneously  achieves  a  level  of  one  plus 
the  magnification  factor  and  exponentially  decays  to  unity  in  about  three 
time  constants.  The  third  figure  shows  the  variation  of  the  scroll  actu¬ 
ator  and  consequently  the  area  as  a  function  of  time.  The  initial  ramp 
at  zero  time  is  due  to  actuator  slew  rate  and  the  maximum  level  does  not 
quite  achieve  the  command  level  before  the  exponential  washout  occurs.  The 
lowvr  curve  shows  the  fun  system  relative  response.  The  effects  'f  the 
jazzer  increase  the  fan  response  or  reduce  the  time  to  achieve  the 
commanded  level  of  output. 


FAN  RESPONSE  WITH  SINUSOIDAL  INPUTS 


In  the  analysis  of  a  dynamic  system  such  as  the  tip  turbine  variable  area 
scroll  system,  performance  under  conditions  of  steady  sine  wave  input 
commands  is  of  significant  interest.  For  conditions  of  steady  sinusoidal 
inputs,  it  is  quite  easy  to  determine  both  the  attenuation  and  phase  shift 
at  a  particular  input  frequency  level.  The  attenuation  is  defined  as  the 
ratio  of  the  output  level  for  a  given  sinusoidal  input  command  to  the 
steady-state  level  for  the  same  input.  The  ph->se  angle  is  defined  as  the 
phase  shift  of  the  sinusoidal  output  relative  to  the  input.  By  using  the 

•  attenuation  and  phase  angle  characteristics,  comparison  of  test  results  and 
calculated  results  is  quite  easy;  for  example,  the  test  results  of  toe 
actual  LF2/VAS  fan  system  can  be  compared  to  the  analog  simulation  results. 
The  following  discussion  presents  so.ac  useful  information  concerning  the 
behavior  of  the  attenuation  and  phase  angle  relationship  for  a  typical 

*  dynamic  system. 

A  common  form  for  writing  the  equation  of  a  single-order  system  as  a  func¬ 
tion  of  frequency,  ui,  is  as  follows: 

0  _  Output _ 1 

I  -  Input  1  +  .ja'r 

Solving  for  the  magnitu  e  of  this  expression,  the  equation  then  becomes 

O _ 1 _ 

1  [l  +  (u>r  )2] 1/2 

The  phase  angle  also  becomes 

0  =  -Arctan  (^r) 

This  phase  angle  and  attenuation  characteristics  are  shown  in  Figure  7. 

The  ratio  of  output  to  input  levels  are  connec  ,d  into  units  of  decibels 
to  facilitate  representation  of  the  variation  with  frequency.  Figure  8 
shows  a  conversion  chart  relating  output-input  ratio  and  attenuation  in 
dec:  els. 


One  interesting  characteristic  oi  this  type  of  presentation  is  the  shape 
of  the  asymptotes  for  both  the  high  and  low  frequency  regions; 


for  wr  <  i 

for  u*r  >  1 


0  ~  1_ 

I  “  uvr 


In  terms  of  decibels,  the  high  frequency  region  has  a  slope  of  -20  decibels 
per  decade  and  intersects  the  zero  decibel  line  at  the  value  of  jvt  equal 
to  unity.  Also  at  this  frequency  point,  the  phase  angle  is  45  degrees. 
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These  relationships  will  prove  to  be  very  useful  in  the  analysis  of  the 
test  rosults  obtained  during  this  program. 

A  similar  discussion  of  the  jazzer  circuit  is  possible.  The  jazzer  system 
for  steady-state  sinusoidal  inputs  is  represented  by  the  following 
equation: 


0  _  Output  l-j-jU)(l-nn)TJ  * 

I  ”  Input  “  l+j'JTj 

The  jazzer  is  therefore  a  two-time-constant  system.  One  time  constant  is 

Tj  and  the  other  is  (l+m)Tj.  Using  a  similar  method  as  above,  it  is  pos-  ^ 

sitle  to  derive  the  phase  shift  and  attenuation  diagrams  for  this  equation. 

The  resulting  characteristic  fer  a  typical  jazzer  system  is  shown  in 
Figure  9. 
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VARIABLE  AREA  SCROLL  DESIGN,  MANUFACTURE ,  AND  ASSEMBLY 


BACKGROUND 

Initial  program  statement  of  work  called  for: 

1.  Scroll,  design  including  analytical  studies  and  model/bench 
tests  to  assure  optimum  configurations. 

2.  Manufacture  of  one  flight-wight,  flight-quality  variable 
area  scroll  suitable  for  assembly  and  test  with  LF2  rotor 
and  front  frame  components. 

3.  Scroll  sized  to  fit  existing  XV-5A  wing  contour  and  handle 
110  percent  of  GE  J85/J4  engine  flow. 

Preliminary  design  studies  defined  a  200-degree  admission  arc  scroll  with 
plus  or  minus  25-percent  area  change  about  the  nominal  90-percent  J85/J4 
flow,  which  was  the  basis  of  the  U2  rotor  design,  as  the  best  configura¬ 
tion  to  meet  program  objectives.  The  scroll  selected  would  be  sized  to 
handle  112.5-percent  J85/J4  flow  to  meet  the  maximum  power  condition  and 
would  employ  variable  vanes  mounted  in  the  scroll  nozzle  to  facilitate 
flow  modulation. 

During  the  course  of  detailed  designs,  it  became  increasingly  evident  that 
an  optimum  scroll  configuration  with  minimum  pressure  losses  could  not  be 
sized  for  engine  flow  requirements  and  packaged  within  the  XV-5A  wing 
contour.  As  the  scroll  arms  approached  the  XV-5A  wing  spars,  the  change 
in  area  and  contour  required  to  fit  the  scroll  in  the  wing  resulted  in 
high  power  setting  Mach  numbers  cf  0.47  compared  to  Mach  0.38  for  the 
optimum  design.  Cliange  in  Mach  number  would  result  in  an  additional 
3.7-percent  pressure  loss.  No  estimate  was  made  of  additional  losses  due 
to  contour  modification. 

The  studies  on  scroll  design  were  concluded  with  the  recommendation  that 
the  requirement  of  110-percent  J8S/J4  gas  flow  be  eliminated.  The  demon¬ 
stration  of  power  transfer,  by  means  of  a  variable  area  scroll,  would  be 
demonstrated  by  the  following  design  objectives. 

PROGRAM  OBJECTIVES 

1.  Design  and  build  a  168-degree-arc  flight-weight,  fl'ght- 
quality  scroll.  This  scroll  would  fit  the  XV-5A  win^-  contour 
and  cause  no  compromise  in  optimum  scroll  area  or  contour. 

2.  Demonstration  would  be  based  on  Mach  numbers  and  pressure 
losses  typical  of  the  optimum  configuration. 

3.  Variable  area  scroll  performance  could  be  compared  directly 
with  fixed  area  scrolls. 
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4.  The  scroll  could  be  manufactured  from  existing  tools.  Front 
frame  design  modification  would  be  significantly  reduced  by 
eliminating  the  changes  required  to  go  through  or  over  the 
scroll  to  reach  primary  fan  mounting  points. 

5.  Scroll  materials,  including  actuation  system,  would  be  based 
on  possible  demonstration  with  J85/J4. 

6.  Scroll  material  thickness  would  be  established  as  typical 
for  flight  type  parts  without  requiring  irreparable  changes 
to  XV- 5A  scroll  tools,  end  would  be  capable  of  sufficient 
life  to  complete  program  demonstration  objectives. 

7.  Flow  modulation  changes  on  168-degree  scroll  would  be 
sufficient  to  permit  demonstration  of  flight  type  LF2  system 
and  provide  «_n  accurate  basis  for  parameters  used  in  computer 
program  defining  LF2  and  advanced  variable  area  scroll  systems. 

MATERIAL  DESIGN  LIMITS 


Material  design  limits  for  components  in  the  scroll  tre*  control  system 
were  governed  by  the  following  criteria: 

1 .  80  percent  of  the  stress  rupture  strength  at  1350°F  for 
300  hours. 

2.  0.2-percent  offset  yield  strength,  reduced  by  three  deviation 
factors. 

3.  Stress  range  diagram,  modified  Goodman  diagram,  for  components 
suojected  to  alternating  loads. 

4.  All  materials  selected  on  the  basis  of  properties  at  1350°F 
and  availability. 

Material  properties  were  obtained  from  General  Electric  Material  Handbooks, 
Volume  I.  The  design  philosophy  was  guided  by  General  Electric  Design 
Practices  Manual,  Section  14C201 . 

Figures  10  and  11  and  Table  I  list  the  material  properties  used  for  com¬ 
ponent  design. 

SCROLL  DESIGN,  MANUFACTURE,  AND  ASSEMBLY 

A  full-scale  scroll  similar  to  that  used  in  the  General  Electric  X353-5B 
lift  fan  was  manufactured  for  this  program.  The  major  differences  between 
this  scroll  and  the  X353-5B  scroll  were  : 

1.  The  nozzle  partition  length  was  reduced  to  match  the  LF2 
rotor  geometry. 
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2.  Bosses  for  mounting  the  variable  area  control  mechanism 
were  incorporated  into  the  scroll  structure. 

3.  The  area  trim  feature  of  the  X353-5B  fan  systim  would  be 
incorporated  into  the  area  control  system. 

Manufacturing  of  the  scroll  began  in  May  1965,  and  the  assembly  of  tbe 
lift  fan  system  was  completed  in  June  1966. 

Mechanical  Design 

The  X353-5B  scroll  design  has  proven  to  be  structurally  reliable,  as 
evidenced  by  its  cumulative  flight  time  in  the  XV-5A  aircraft;  consequently, 
no  changes  were  made  which  affected  the  structural  design  intent.  Details 
for  the  mechanical  design  of  the  X353-5A*  scroll  can  be  found  in  Reference  2. 

Provisions  for  mounting  the  mechanism  to  the  scroll  were  made  by  brazing 
cylindrical  bosses  into  the  inner  band  hat  section  which  supports  the  noz¬ 
zle  partitions.  The  bosses  were  tapped  after  brazing  for  10-32  size  bolts. 
The  close  spacing  of  the  nozzle  partitions  and  bosses  on  the  aft  scroll  arm 
made  it  necessary  to  utilize  a  solid  inner  band  hat  section  to  maintain  the 
structural  integrity  of  that  component. 

The  detail  drawings  of  the  scroll  can  be  found  in  Figures  12  and  13. 
Aerodynamic  Design 

Scroll  design  (including  nozzle  partition  contours,  spacing,  flow,  and 
area  distribution)  is  identical  to  that  of  the  X353-5B  scroll.  The  nozzle 
height  was  reduced  to  match  the  LF2  rotor  geometry. 

The  objective  nozzle  area  was  4S.9  square  inches  per  side  of  scroll. 

Figure  14  shows  the  breakdown  of  the  nozzle  area  as  measured  for  the 
actual  test  scroll.  Nominal  fan  Mach  number  is  0.30. 

Manufacturing 

The  vendor  selected  for  the  scroll  manufacture  was  Solar  Aircraft  corpo¬ 
ration  in  San  Diego,  California. 

The  scroll  manufacturing  tooling  was  part  of  the  X353-5B  program.  Modi¬ 
fications  to  the  tooling  were  kept  to  a  minimum  so  that  the  tooling  could 
be  returned  to  its  original  form.  A  duplicate  scroll  mock-up  model, 
reflecting  the  new  nozzle  exit  contour,  was  procured. 


♦The  X353-5A  scroll  differs  from  the  X353-5B  scroll  in  that  it  has  a 
single  inlet  rather  than  dual  inlets  and  it  is  made  from  L-605  material 
rather  than  Hastelloy  X  material. 
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Figures  15  and  16  show  a  portion  of  the  nozzle  diaphragm,  struts,  and  hat 
section  prior  to  welding  the  shell  to  this  structure. 

Prior  to  brazing  the  nozzle  partitions  into  the  torque  tube,  Hastelloy  X 
shims  had  to  be  inserted  in  the  oversized  gaps.  During  eloxing  of  the 
partition  contour  into  the  torque  tube,  insufficient  trimming  and  exces¬ 
sive  movement  of  the  electrode  had  increased  the  size  of  the  contour  cut¬ 
out.  Since  the  integrity  of  a  brazed  joint  is  affected  by  the  gap  between 
adjacent  parts,  it  was  necessary  to  decrease  the  gap  to  an  acceptable  size. 
The  braze  alloy  used  was  J8103. 

A  second  braze  cycle  was  required  to  fill  the  voids  of  the  first  braze 
cycle.  Voids  and  cracks  remaining  from  the  second  cycle  were  repaired  by 
using  a  gold-nickel  torch  braze  process  rather  than  by  going  through  a 
third  complete  cycle*. 

Assembly 


During  the  assembly  of  the  scroll  to  the  LF2  front  frame,  measurements 
taken  to  the  end  of  the  scroll  arms  indicated  the  radius  to  be  0.190  inch 
under  minimum.  The  smaller  radius  made  the  assembly  of  the  slip  seals, 
honeycomb  seals,  and  operation  of  the  mechanism  virtually  impossible  (Fig¬ 
ure  17).  It  was  necessary  to  spread  the  scroll  arms  apart  to  allow  assem¬ 
bly  of  the  fan  and  scroll  system. 

A  hydraulic  ram  was  placed  between  the  ends  of  the  scroll  arm  (Figure  18). 
To  distribute  the  load  on  the  scroll  arms,  a  box  structure  containing 
Cerrobend**  was  buiit  around  the  ends  of  the  scroll  arm.  Incremental 
deflections  were  made  until  the  scroll  arms  had  been  permanently  enlarged 
0.220  inch  radially. 

A  gold-nickel  torch  brazj  process  was  used  to  repair  the  cracks  incurred 
in  the  braze  as  a  result  of  bending  the  scroll.  An  inspection  after  repair 
brazing  indicated  that  the  scroll  arms  had  pulled  inward  0.109  inch.  The 
scroll  was  again  enlarged.  This  time  the  scroll  structure  was  cut  at  two 
places  near  the  scroll  inlet  stiffeners  (see  Figure  66)  to  reduce  the 
forces  required  to  expaiul'-the  arras,  A  slow  rate  of  braze  repair  resulted 
in  negligible  shrinkage,  even  though  there  were  twice  as  many  braze  cracks 
(36)  incurred  during  the  second  bending. 


♦It  is  desirable  to  minimize  the  time  at  high  braze  temperatures  to  pre¬ 
vent  boron  from  penetrating  the  grain  boundaries  of  the  nickel  and  thus 
reducing  the  ductility  of  the  parent  material. 

♦♦Cerrobend  is  the  trade  name  for  a  low-melting  temperature  alloy  that  is 
the  product  of  the  Cerro  de  Pasco  Copper  Company,  New  York,  New  York. 
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VARIABLE  AREA  MECHANISM  AND  ACTUATOR  SYSTEM 


Two  configurations  for  varying  the  scroll  nozzle  area  were  evaluated  in 
terms  of  aerodynamic  performance.  One  configuration  consisted  of  splitter 
vanes  installed  between  pairs  of  nozzle  partitions,  and  the  second  config¬ 
uration  consisted  of  partial  rotation  of  the  nozzle  partition  itself.  The 
results  of  this  evaluation  are  shown  in  Figure  19.  The  addition  of  vari¬ 
able  geometry  in  the  nozzle  diaphragm,  and  its  attendant  leakage,  inherent¬ 
ly  results  in  a  decrease  in  gas  horsepower  available  to  the  fan  turbine. 

The  variable  nozzle  partition  concept  compares  favorably  with  the  splitter 
vane  concept  in  terms  of  aerodynamic  performance  during  nominal  operation; 
however,  at  the  extreme  operating  positions,  the  performance  of  the  vari¬ 
able  nozzle  partition  deteriorates  rapidly.  The  increased  performance  loss 
is  basically  the  off-design  performance  of  the  turbine  bucket  geometry. 
Additional  losses  can  be  expected  due  to  the  off-design  operating  condi¬ 
tions  of  the  nozzle.  It  can  thus  be  concluded  that  over  the  flow  range 
studied  for  aircraft  roll  control,  the  splitter  vane  is  superior  to  the 
variable  nozzle  partition  concept. 

The  variable  area  scroll*  mechanism  and  actuation  system  consists  primar¬ 
ily  of  splitter  vanes,  bellcranks,  cam  followers,  cam  tracks,  drive  links, 
serrated  connectors,  an  actuator  support,  and  a  test  actuator  (see  Figure 
20).  Except  for  the  third  mount  of  the  actuator  bracket,  the  mechanism 
and  actuation  system  is  mounted  to  the  scroll  inner  hat  section  and  thus 
does  not  increase  the  fan  envelope.  It  is  designed  to  operate  at  J85/J4 
core  engine  exhaust  temperatures.  A  single,  test-type  hydraulic  actuator 
would  be  used  to  drive  the  scroll  area  system. 

The  variation  of  scroll  nozzle  area  is  accomplished  by  partial  rotation  of 
splitter  vanes  whic'  are  located  between  sets  of  nozzle  partitions.  The 
splitter  vanes  (banked  together  to  form  six  groups  in  each  scroll  arm)  are 
rotated  by  cam  followers,  indirectly  attached  to  the  vane  by  a  bellcrank. 
Each  cam  follower  is  guided  by  a  face  cam  machined  in  a  bar.  The  spacing 
of  the  face  cams  results  in  an  overlap  in  the  closing  and  opening  of  the 
splitter  vane  banks,  in  order  to  obtain  a  short  actuation  stroke  consis¬ 
tent  with  a  fast  response  system. 

The  actuation  links  are  supported  by  sets  of  rollers  and  wheels  mounted  to 
a  bracket.  A  serrated  connector,  whicn  can  be  used  on  an  area  trim  device, 
is  used  to  connect  the  bars  containing  the  face  cams  to  the  links. 

The  VAS  mechanism  and  actuator  system  was  designed  for  the  168-degree 
scroll,  and  it  can  easily  be  adapted  for  use  with  larger  admission  arcs. 


♦Throughout  the  discussion,  the  variable  area  scroll  system  will  be  re¬ 
ferred  to  as  the  VAS. 


Splitter  Vane  Design 


The  discharge  area  of  the  scroll  is  varied  by  opening  and  closing  splitter 
vanes  located  in  the  turbine  nozzle  diaphragm.  The  splitter  vanes  in¬ 
stalled  between  pairs  of  nozzle  partitions,  rotate  through  an  angle  of  55 
degrees  between  the  full  open  and  full  closed  positions  (see  Figures  21 
and  22).  Since  the  nozzle  partition  contours  at  the  ends  of  each  scroll 
arm  are  different,  the  splitter  vane  contours  are  also  different. 

The  initial  design  objective  of  the  200-degree-arc  scroll  was  to  provide 
plus  or  minus  25-percent  turbine  area  variation,  using  90  percent  of  J85/J4 
exhaust  flow  as  the  nominal  flow  condition.  However,  when  the  program  was 
redirected  toward  using  a  168-degree  scroll,  the  nominal  condition  was  re¬ 
duced  to  65  percent  of  J85/J4  exhaust  gas  flow  with  the  variable  admission 
arc  for  the  168-degree  scroll  remaining  the  same  as  for  the  200-degree 
scroll.  Thus,  the  quant  ty  of  splitter  vanes  was  determined  to  be  24  bi¬ 
convex  vanes  and  12  flat  vanes.  Figure  23  shows  the  distribution  of  the 
nozzle  area  for  the  168-degree  scroll. 

The  splitter  vanes  at  the  ends  of  the  scroll  arms  are  the  first  to  close 
when  the  actuator  is  retracted,  and  those  near  the  center  of  the  scroll 
are  the  first  to  open  when  the  actuator  is  extended. 

The  detail  drawings  of  the  splitter  vanes  are  given  in  Figures  24  and  25, 
the  drawing  of  the  vane  and  scroll  assembly  is  given  in  Figure  26. 

The  aerdoynamic  design  intent  for  the  splitter  vane  contour  was  to  create 
a  converging  passage  between  the  splitter  vane  surfaces  and  the  nozzle 
partitions.  When  the  vanes  are  in  the  open  position,  the  minimum  flow 
area  occurs  at  the  trailing  edge  of  the  nozzle  partition.  As  the  splitter 
vane  begins  to  rotate  toward  the  closed  position,  the  throat  location  is 
changed  to  the  leading  and  trailing  edges  of  the  splitter  vane,  see  Fig¬ 
ures  27  and  28.  It  is  to  be  noted  that  the  splitter  vane  can  rotate 
approximately  5  degrees  before  the  minimum  flow  area  occurs  at  the  van 
This  rotation  is  advantageous  because  it  compensates  for  aerodynamic 
losses  which  would  occur  because  of  manufacturing  tolerances  and  assembly 
clearances . 

The  size  and  location  of  the  splitter  vane  are  the  result  of  several  con¬ 
ditions.  Aerodynamically,  it  was  desirable  to  locate  the  vane  as  far  up¬ 
stream  between  the  nozzle  partitions  as  is  feasible.  This  results  in  minimum 
vane  profile  losses  because  the  flow  velocity  is  also  at  a  minimum.  How¬ 
ever,  the  upstream  location  is  limited  because  the  leading  edge  of  the 
splitter  vane  must  not  protrude  above  the  nozzle  partition  leading  edge. 
Since  it  was  desirable  to  minimize  the  aerodynamic  moment  on  the  splitter 
vane,  the  pivot  axis  was  chosen  at  the  midchord  of  the  vane.  The  chord 
length  was  then  dictated  by  geometry,  and  the  thickness  of  the  vane  was 
governed  by  the  allowable  stress. 

Each  splitter  vane  is  supported  on  its  sides  at  the  midchord.  The  mounting 
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design  was  dictated  primarily  by  assembly  considerations,  see  Figure  29. 

The  outer  su--  ort  consists  of  a  shaft  which  is  welded  to  the  vane  blank. 

A  spheric' ^  head  is  machined  on  the  shaft  to  prevent  binding  in  the  event 
that  t’,.e  vane  axis  and  bushing  axis  are  not  aligned.  The  bushing  does  not 
rotate  because  of  a  tongue- in-groove  arrangement  with  the  scroll  housing. 

The  inner  s  pport  for  the  splitter  vane  consists  of  bolting  three  parts 
together;  namely,  the  vane,  a  torque  plug,  and  a  lever.  The  torque  plug 
and  lever  are  separable  parts  for  assembly  purposes.  The  flange  on  the 
torque  plur  prevents  the  sides  of  the  splitter  vane  from  rubbing  the 
scroll.  In  the  event  of  excessive  wear,  the  torque  plug  can  be  exchanged 
for  a  new  part. 

The  splitter  vane  assembly  is  Hastelloy  X  material.  This  material  was 
chosen  uecause  the  scroll  is  Hastelloy  X  and  it  was  desirable  to  maintain 
the  same  coefficient  of  thermal  expansion. 

The  bushing  and  torque  plug  are  L-605  material.  This  material  was  also 
chosen  because  of  its  high  temperature  oxidation  resistance  and  wear 
resistance.  By  using  a  cobalt  base  material,  L-605,  sliding  against  a 
nickel  base  material,  Hastelloy  X,  the  possibility  of  fretting  and  con¬ 
sequent  seizing  is  minimized . 

Anti-sieze  compounds  were  not  applied  to  the  bearing  surfaces  because  of 
their  limited  life  at  J85-13  exhaust  temperatures.  Also,  it  was  advan¬ 
tageous  to  operate  the  bearing  in  the  unlubricated  condition,  since  it 
would  provide  quantitative  information  as  to  the  useful  life  of  the  dry 
bearing . 

Stresses  in  the  splitter  vane  were  calculated  by  assuming  the  vane  to  be 
simply  supported  and  loaded  by  a  uniform  pressure  differential  of  22  psi. 
Figures  30  and  31  summarize  the  section  properties  in  the  splitter  vanes. 
The  maximum  bending  stress  in  the  splitter  vane  occurs  at  the  transition 
of  the  shaft  into  the  vane  and  is  32,800  psi. 

The  structural  design  of  the  mechanism  is  sized  by  the  splitter  vane  aero¬ 
dynamic  moment.  A  conservative  approach  was  used  to  determine  this  moment; 
that  is,  it  was  ass’imed  that  one-half  the  vane  was  subjected  to  a  pressure 
differential  of  22  psi.  Since  the  vane  is  nearly  aerodynamically  balanced, 
this  moment  represents  an  extreme  condition. 

A  friction  coefficient  of  0.60  was  used  on  splitter  vane  journals  through¬ 
out  the  analysis.  The  friction  loads  were  then  combined  with  the  air  loads 
to  obtain  the  total  external  loads  on  the  vanes.  For  the  biconvex  splitter 
vanes  the  moment  required  to  rotate  a  vane  was  9.1  inch-pounds  and  for  the 
flat  splitter  vanes  the  moment  was  15.2  inch-pounds. 
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Splitter  Vane  Assembly  and  Manufacturing 


The  flat  splitter  vanes  can  be  easily  installed  or  removed  from  the  dis¬ 
charge  side  of  the  scroll.  However,  the  biconvex  splitter  vanes  are  more 
difficult  to  install  or  remove  and  require  disassembly  from  the  inlet  side 
of  the  nozzle  box. 

The  last  biconvex  splitter  vane  at  the  end  of  the  scroll  arm  was  impossible  # 

to  remove.  The  scroll  shell  above  this  vane  tapers  toward  the  scroll  end 
mount  and  thus  prevents  removal  of  this  particular  vane,  see  Figure  32. 

The  flat  splitter  vanes  were  manufactured  with  the  aerodynamic  camber  in¬ 
verted.  All  12  vanes  were  reworked  to  correct  the  camber,  Figure  33.  ♦ 

Aerodynamic  losses  of  inverted  installation  and  subsequent  rework  are  con¬ 
sidered  to  be  negligible. 

It  was  found  that  the  splitter  vanes  would  not  close  completely  when  they 
were  assembled  to  the  levers.  The  vanes  were  removed  from  the  scroll  and 
reworked  to  obtain  clearance  with  the  scroll.  Several  of  the  splitter 
vanes  also  had  to  be  welded  using  Hastelloy  X  weld  filler  because  of  ex¬ 
cessive  notches  in  the  support  shaft . 

After  the  above  rework  was  completed,  another  problem  occurred  when  the 
lever  and  splitter  vane  were  bolted  together.  The  torque  plug  was  binding 
in  the  scroll.  It  was  concluded  that  the  axis  of  the  bolted  assembly  did 
not  coincide  with  the  axis  of  the  nut  bushing  and  scroll.  By  increasing 
the  diameter  of  the  nut  bushing  and  scroll  to  obtain  0.010- inch  radial 
clearance,  the  binding  was  relieved. 

Bellcranks  and  Levers  Design 


Each  splitter  vane  is  rotated  by  either  a  lever  or  a  bellcrank,  depending 
on  its  location  in  the  assembly.  The  lever,  torque  plug,  and  splitter 
vane  are  clamped  together  with  a  0.190-32  bolt  and,  therefore,  rotate  as 
an  assembly.  A  sheet  metal  tie  bar  connects  one  or  more  levers  to  a  bell- 
crank  to  form  a  three-bar  linkage . 

The  bellcrank  is  rotated  by  a  force  exerted  on  the  roller  bearing  attached  to  it. 
The  roller  bearing  is  used  as  a  cam  follower  Jn  conjunction  with  the  cam  track. 

The  detail  drawings  of  the  levers,  bellcranks,  tie  bar,  and  roller  bearings 
are  shown  in  Figures  34  through  37.  The  forward  and  aft  levers  and  bell¬ 
cranks  are  nearly  identical  except  for  being  opposite-hand  parts. 

Tc  package  the  mechanism  between  the  scroll  and  existing  front  frame,  it 
was  necessary  to  minimize  the  size  of  the  lever,  bellcrank,  and  cam  track. 
The  finalized  design  required  modifying  only  the  gussets  on  the  hot  side 
torque  tube  (see  Figure  38).  However,  less  than  desirable  clearance  between 
stationary  and  moving  parts  had  to  be  maintained  to  accomplish  this.  The 
minimum  clearances  were  0.025  inch  between  the  lever  and  nut  bushing  and 


16 


0.046  inch  between  the  roller  bearing  nut  and  the  nozzle  partition  cover 
plate . 

Since  a  locknut  could  not  be  used  to  retain  the  roller  bearing,  it  was 
necessary  to  employ  an  interference  fit  between  the  roller  bearing  shaft 
and  bellcrank  hole.  A  locknut  could  not  be  used  because; 

1.  There  was  no  method  whereby  the  miniature  roller  bearing  could 
be  held  while  torquing  the  locknut. 

2.  The  commercial  locknuts  were  dimensionally  higher  than  desirable. 

3.  Rene'  41  material  was  desired. 

A  straight  knurl  on  the  roller  bearing  shaft  was  used  as  a  secondary  re¬ 
taining  feature  and  to  reduce  the  assembly  stresses  resulting  from  the 
interference  fit. 

The  tongue-in-slot  connection  of  the  lever  and  bell  crank  to  the  torque  plug 
was  by  necessity  rather  than  by  choice.  The  small  size  of  the  stub  shaft 
makes  serrations  expensive  and  therefore  undesirable  in  a  one-of-a-kind 
vehicle.  Also,  the  tongue-in-slot  design  results  in  lower  bearing  stresses 
at  the  connection. 

Careful  consideration  was  given  to  the  design  of  the  face  cam  to  minimize 
peak  loads  on  the  bell  crank.  The  final  design  for  the  cam  produced  the 
optimum  bellcrank  moment  arm  and  short  control  stroke  for  the  mechanism. 
Figures  39  and  40  show  the  effective  moment  arm  for  the  forward  and  aft 
bellcranks.  The  friction  coefficient  of  the  roller  bearing  and  face  cam 
increases  or  decreases  the  moment  arm, as  these  figures  indicate.  Since  the 
actual  roller  bearing  friction  coefficient  will  be  less  than  0.10,  the  0.20 
friction  coefficient  used  for  bellcranks  and  lever  analysis  is  conservative. 
Limited  bench  testing  of  the  roller  bearing  indicated  that  it  will  operate 
satisfactorily  for  the  temperature  and  loads  anticipated.  The  detailed 
results  of  these  tests  are  presented  in  Appendix  II. 

The  geometry  ur.ci  quantities  of  the  levers  and  bellcranks  lend  themselves  to 
precision  castings.  Because  of  the  long  lead  time  required  for  castings, 
it  was  necessary  to  change  the  material  from  cast  Rene  41  to  Inconel  X  bur 
stock.  The  original  selection  of  Rene'  41  material  was  based  primarily  on 
the  anticipated  J85/J4  core  engine  temperatures. 

The  maximum  stress  in  the  bellcrank  occurs  on  the  tab  which  supports  the 
roller  bearing  and  is  35,600  pounds  per  square  inch  tension.  Although 
this  stress  approaches  the  endurance  limit  of  the  material,  it  will  be 
satisfactory  because  of  the  conservative  assumptions  used  for  the  calcu¬ 
lations  . 

A  slot  for  mating  with  the  ''tongue"  cii  the  tongue  plug  was  machined  in  the 
levers  ar.d  bellcranks  as  part  of  the  assembly  sequence  because  it  was 
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anticipated  that  the  splitter  vane  closure  angles  would  vary  from  part  to 
part.  The  closure  angle  was  measured  by  setting  the  scroll  nozzle  dia¬ 
phragm  on  a  surface  plate  and  measuring  the  angle  with  an  optical  incli¬ 
nometer.  An  additional  2  degrees  was  added  to  the  measured  angle  when 
machining  the  slot  in  the  levers  and  bellcranks  to  prevent  overtravel  of 
the  splitter  vane. 

The  aft  levers  and  b^llcranks  rotated  freely  prior  to  assembling  the  tie 
bar  to  them;  af  er  the  tie  bar  was  assembled,  the  subassemblies  tended 
to  bind.  The  reason  for  the  binding  was  the  vertical  misalignment  in 
the  levers  resulting  from  the  magnification  of  a  slight  misfit  between 
the  lever  and  torque  plug.  The  misfit  was  corrected  and  resulted  in  re¬ 
lieving  the  binding  in  nearly  all  subassemblies. 

The  bolt  which  connects  the  lever,  torque  plug,  and  splitter  vane  is  lock- 
wired  to  the  lever  by  an  0.016-inch-diameter  wire.  The  bolt  for  the  bell- 
crank  is  lockwired  to  the  roller  bearing  nut. 

Cam  Track  Assemblies! 

The  cam  track  assembly  is  analogous  to  part  of  an  actuator  ring  used  for 
core  engine  compressor  stators.  However,  it  is  different  in  that  it  drives 
only  one  bank  of  vanes  at  a  time  and  that  it  is  part  of  a  fast  response 
system.  The  cam  trnck  assemblies  are  connected  to  a  set  of  link?  to  make 
up  a  180-degree  actuation  ring. 

Two  cam  track  assemblies  are  utilized  to  rotate  the  splitter  vanes.  Sach 
assembly  consists  of  three  sectors,  or  "tracks",  which  are  riveted  in 
series.  Two  face  cams  are  machined  in  each  sector. 

Both  cam  track  assemblies  are  supported  by  six  equally  spaced  slide 
brackets.  Approximately  0.050-inch  clearance  is  maintained  between  the 
track  and  the  bracket  to  prevent  binding. 

A  serratea  connector,  which  is  used  to  connect  the  cam  track  assembly  to 
the  other  drive  links,  provides  for  a  means  for  trimming  the  scroll  nozzle 
areas  In  the  adjacent  sides  of  the  scroll. 

The  detail  drawings  of  the  forward  and  aft  cam  tracks  are  given  in  Figures 
41  through  43. 

The  size  of  the  cam  track  cross  section  was  governed  primarily  by  the 
available  space  between  the  scroll  and  front  frame  tube.  This  space  is  a 
minimum  at  the  ends  of  the  scroll  arms  when  the  scroll  is  cold;  as  the 
scroll  expands,  this  space  increases  until  it  is  unions  around  the  scroll 
periphery. 

The  minimum  wall  thickness  of  the  cam  track  was  limited  to  0.048  inch. 

This  thickness  was  sufficient  to  prevent  elastic  instability.  It  was  also 
felt  that  reducing  the  thickness  would  limit  the  manufacturing  method  to 
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eloxing  since  machining  of  thin-walled  parts  is  undesirable  and  difficult. 
The  wall  thickness  tolerance  was  then  stacked  so  that  a  minimum  clearance 
of  0,016  inch  won'! a  exist  between  *he  cam  faces  and  the  roller  bearing. 

The  actual  _>n  stroke  of  the  mechanism  for  168  degrees  scroll  was  limited  to 
approximately  4.90  inches.  This  limitation  is  set  by  the  geometry  of  the 
scroll  corner  seals.  Using  this  limitation  as  a  base  point,  the  design 
and  spacing  of  the  face  cams  in  the  cam  tracks  could  be  evaluated.  Figures 
44  and  45  show  the  final  design  characteristics  of  the  cam  spacing  effects. 
This  spacing  results  in  rotating  one  bellcrank  and  its  associated  levers 
until  their  splitter  vanes  are  nearly  closed  before  the  next  bank  starts 
to  rotate.  Successive  opening  and  closing  of  splitter  vanes  result  in  a 
nearly  linear  nozzle  area  variation.  Actuation  of  the  cam  tracks  causes 
the  splitter  vane  banks  at  the  ends  of  each  scroll  arm  to  close  firs' ,  and 
inversely,  those  towards  or  near  the  center  of  the  scroll  to  open  first. 

The  cam  contours  and  spacing  of  the  contours  are  the  same  for  all  the  face 
cams  in  a  subassembly;  however,  aach  subassembly  had  a  different  contour 
and  contour  spacing.  The  design  intent  of  the  cam  contour  in  each  sub- 
assembly  was  to  maintain  a  constant  moment  arm,  or  a  minimum  of  0.40  inch 
on  the  bellcranks;  see  Figures  39  and  40.  To  maintain  the  lightweight 
design  feature,  several  of  the  face  cam  grooves  were  made  longer  than 
necessary.  This  was  felt  to  be  the  simplest  method  of  reducing  ’•light . 

The  cam  track  sectors  are  connected  by  a  clevis  configuration.  An  0.250- 
inch-diameter  Inconel  rivet,  with  a  countersunk  head,  is  used  principally 
as  a  shear  member.  The  formed  head  of  the  rivet  is  flush  so  that  the  cam 
tracks  can  slide  between  the  brackets.  i  minimum  of  0.050  inch  clearance 
was  maintained  between  the  male  and  female  ears  of  the  clevis  to  prevent 
bending  stresses  in  the  ears  and  tension  loads  in  the  rivet.  This  type  of 
loading  can  occur  when  there  a  thermal  lag  or  thermal  differential  be¬ 
tween  the  scroll  and  cam  tracks. 

Because  the  clevis  connection  does  not  provide  restraint  .'.gainst  in-plano 
torque  loads,  a  tongue-in-slot  feature  was  incorporated  as  part  of  tae 
connection.  Again  to  prevent  bending  stresses,  a  minimum  clearance  of 
0.040  inch  was  maintained  between  adjacent  parts.  This  type  of  loading  can 
occur  when  the  scroll  deflects  s.aally. 

Each  cam  track  assembly  is  supported  by  six  equally  spaced  brackets.  B> 
positioning  the  bracket  next  to  a  bellcrank,  it  was  possible  to  minimize 
the  bending  loads  on  the  cam  tracks.  A  minimum  clear. nice  o!  O.uSu  inch 
was  maintained  between  the  cam  track  and  the  bracket  to  aid  in  preventing 
binding . 

The  cam  track  assemblies  are  connected  to  the  actuation  links  by  serrated 
connectors.  A  ''pos'"  on  the  connei  .or  is  inserted  into  a  dovetail  slot  *.n 
the  cam  track.  Adequate  c lea ran  is  designed  into  the  mating  parts  to 
prevent  bending  stresses.  By  rigging  the  connector,  when  the  actuator  is 
extended,  a  predetermined  clearance  between  the  roller  bearing  and  the  end 
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of  the  face  cam  can  be  obtained. 


The  cam  w  acks  are  made  from  L-605  material .  This  material  was  selected 
because  of  its  wear  resistance  at  1300®F  and  its  oxidation  resistance. 

Since  the  cam  tracks  will  be  sliding  on  Rene  41  (a  nickel  base  material), 
it  was  felt  that  L-605  (a  cobalt  base  material)  would  offer  the  best 
material  compatibility.  The  utilization  of  the  higher  strength  material 
was  felt  to  be  unnecessary  since  the  tensile  stresses  were  within  the  allow¬ 
able  limits  of  L-605  material  and  also  because  elastic  stability  was  the 
predominant  design  limitation. 

The  maximum  tensile  stress  occurs  at  the  clevis  of  the  center  cam  track  and 
is  9,900  psi.  A  stress  concentration  factor  of  2.6  was  used  to  determine 
the  alternating  stress.  Combined  steady  state  and  alternating  stresses  are 
within  the  limits  of  the  stress-range  diagram. 

Cam  Track  Support  Brackets 


Each  cam  track  assembly  is  supported  by  six  equally  spaced  brackets.  The 
brackets  also  serve  the  function  o  retaining  the  splitter  vane  nut  bush¬ 
ings  adjacent  to  them.  Sbiar  bolts,  v.  .190-32,  are  used  to  attach  the 
brackets  to  the  scroll . 

The  detailed  drawings  of  the  forward  and  ~ft  brackets  are  given  in  Figures 
46  and  47;  Figures  48  and  49  show  the  aft  brackets  assembled  to  the  scroll. 

The  geometry  of  the  bracket  was  dictated  by  maintaining  clearance  with  the 
adjacent  bellcrank  and  lever  at  the  extreme  positions  of  their  travel. 
Because  the  spacing  of  the  nozzle  partitions  is  different  in  each  scroll 
arm,  it  was  necessary  to  design  a  forward  bracket  and  an  aft  bracket. 

The  limited  space  for  the  mechanism  made  it  necessary  to  utilize  the  sides 
of  the  bracket  for  retaining  the  splitter  vane  nut  bushings.  The  sides  of 
the  bracket  are  designed  to  align  with  one  of  the  faces  on  the  hex  nut 
portion  of  the  bushing.  Each  aft  bracket  retains  three  nut  bushings  and 
each  forward  bracket  retains  two  nut  bushings. 

There  are  six  brackets  used  to  support  each  cam  track  assembly.  Each 
bracket  is  positioned  adjacent  to  a  bellcrank  and  consequently  provides 
the  vertical  reaction  required  to  support  the  cam  tracks.  To  r*’event  bind¬ 
ing,  a  minimum  clearance  of  0050  inch  was  maintained  between  the  sides  of 
the  bracket  and  cam  track. 

The  brackets  are  bolted  to  bosses  in  the  scroll  hat  section  using  0,190-32 
bolts.  Three  bolts  are  used  to  support  the  forward  bracket;  two  bolts  and 
a  tongue- in- slot  connection  are  used  to  support  the  aft  brackets.  To  com¬ 
pensate  for  differential  thermal  expansion  and  thermal  lag  between  the 
scroll  and  the  brackets,  one  of  the  bolt  holes  is  slotted  and  the  bolt  in 
that  hole  has  reduced  torque.  The  bolts  are  lockwired  together  at  assembly. 
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After  the  cam  tracks  have  been  installed  into  the  brackets,  a  "T"  retainer 
is  assembled  to  the  bracket  using  a  0.190-32  shear  bolt.  The  bolt  is  then 
lockwired  to  the  bracket. 

The  maximum  bending  stress  occurs  in  the  aft  bracket  and  is  30,500  psi. 

The  combined  steady  state  stress  and  alternating  stresses  are  within  the 
limits  of  the  Goodman  diagram. 

» 

The  brackets  are  made  from  cast  Ren^  41  material.  This  material  was  chosen 
because  of  its  wear  resistance,  strength,  and  castability.  Wear  resistance 
was  the  prime  consideration  because  the  cam  tracks  slide  on  the  bracket 
during  operation.  The  geometry  and  quantity  of  the  brackets  make  them 
i  suitable  for  precision  castings. 

Forward  and  Aft  Links 

The  forward  and  aft  links  drive  the  cam  track  assemblies  by  means  of  a 
linear  actuator  attached  to  the  aft  link.  A  system  of  wheels  and  rollers, 
mounted  to  a  bracket  on  the  scroll,  supports  the  links  and  reacts  the  loads 
induced  in  the  links.  The  links  are  connected  by  a  clevis.  A  serrated 
connector  is  used  to  crnnect  each  link  to  its  respective  cam  track. 

The  detail  drawings  of  the  forward  and  aft  link  are  given  in  Figures  50  and 
51.  Figure  52  is  a  photograph  of  the  separate  parts. 

The  initial  design  of  the  cam  track  drive  assembly  was  to  be  composed  of  a 
system  of  levers,  and  the  actuator  for  the  system  was  to  be  located  between 
the  scroll  inlets  and  inside  the  aircraft  fuselage.  However,  a  layout 
study  revealed  that  there  could  be  possible  interference  with  adjacent 
aircraft  components  (pitch  fan  diverter  valves  and  crossover  ducts). 

The  design  effort  was  redirected  toward  placing  the  actuator  between  the 
front  frame  bellmouth  and  scroll.  When  it  was  determined  that  there  would 
be  adequate  space  for  the  actuator  ,  it  was  necessary  to  evolve  a  drive 
system.  Because  of  the  limited  space  between  the  front  frame  torque  tube 
and  scroll,  the  geometry  and  size  of  the  system  were  dictated  rather  than 
designed  by  choice. 

*  To  minimize  friction  loads  and  wear,  the  links  were  designed  to  operate  on 

a  system  of  wheels  and  rollers.  Because  of  the  limited  space,  a  lipped 
channel  was  considered  to  be  the  best  geometry  for  the  link  sliding  sur¬ 
faces.  A  0.016- inch  gap  was  maintained  between  the  surfaces  of  the  link 
and  the  periphery  of  the  wheels  and  rollers  to  prevent  possible  seizing. 

Although  the  links  could  have  been  made  as  a  single  part,  it  was  considered 
to  be  advantageous  to  make  them  as  separate  parts  for  several  reasons. 
First,  it  was  advantageous  from  a  manufacturing  viewpoint  because  of  the 
size  consideration.  Second,  the  length  of  the  part  would  make  it  sus¬ 
ceptible  to  large  bending  moments.  Third,  differential  thermal  expansion 
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and  thermal  lag  would  tend  to  Induce  loads  and  stresses  In  the  link  and 
scroll.  Fourth,  it  would  be  nearly  impossible  to  Include  an  area  trim 
feature  in  the  design. 

The  actuator  is  connected  to  the  aft  link  by  a  clevis  arrangement.  Because 
the  actuator  load  had  a  radial  component  (relative  to  the  fan  centerline), 
it  was  necessary  to  provide  a  reaction  to  this  load.  Analysis  indicated 
that  the  magnitude  of  the  load  was  sufficiently  small  to  allow  a  roller-in¬ 
retainer  design  to  be  used. 

The  maximum  predicted  stress  in  the  aft  link  is  12,500  psi  and  occurs  in 
the  weld  which  connects  the  clevis  to  the  web.  Several  gussets  are  used 
in  this  region  to  distribute  the  load. 

The  maximum  predicted  stress  in  the  forward  link  is  10,100  psi  and  occurs 
at  the  midspan  of  the  link. 

The  aft  link  is  made  from  L-605  material.  This  material  was  chosen  pri¬ 
marily  because  of  its  wear  resistance  at  1300°F. 

The  forward  link  is  made  from  Hastelloy  X  material.  This  material  was 
chosen  because  of  availability  and  also  because  it  is  much  easier  to 
machine  than  L-605.  Wear  resistance  is  not  as  important  in  the  forward 
link  because  of  the  relatively  small  loads. 

Serrated  Connector 


The  function  of  the  serrated  connectors  is  to  connect  the  forward  and  aft 
cam  track  assemblies  to  the  actuator  links.  They  also  provide  a  simple 
means  of  adjusting  the  cam  tracks  for  trimming  the  nozzle  area  of  the  core 
engines . 

The  drawing  of  the  serrated  connector  assembly  is  given  in  Figure  53; 
Figure  54  shows  the  connector  assembled  to  the  aft  link. 

The  design  intent  for  the  serrated  connector  was  to  incorporate  an  area 
trim  feature  in  the  design  of  the  cam  track-link  connector.  This  area 
trim  feature  was  to  be  such  that  only  minor  fan  disassembly  would  be  re¬ 
quired.  Because  the  LF2  front  frame  does  not  support  the  bellmouth,  the 
problem  was  simplified;  however,  the  design  would  have  to  be  altered  if 
the  bellmouth  were  attached  to  the  front  frame . 

The  connector  assembly  consists  of  two  parts,  a  serrated  plate  and  a  ser¬ 
rated  block  with  a  dovetail.  Serrations  were  used  to  provide  a  reliable 
method  of  transmitting  the  shear  load  from  the  block  to  the  plate. 

To  minimize  bending  loads  and  stresses  in  the  cam  tracks  and  links,  the 
serrated  connector  dovetail  floats  ir  the  dovetail  slot  on  the  cam  track. 
Relative  movement  of  the  cam  track  to  the  link  cannot  exceed  0.008  inch, 
but  the  rotation  between  the  parts  can  exceed  3'  degrees.  These  values 


were  considered  to  be  necessary  and  acceptable  to  the  operation  of  the 
mechanism. 

Each  serrated  connector  assembly  is  attached  to  the  actuation  link  by  two 
0.190-32  bolts.  The  holes  in  the  serrated  plate  are  toleranced  for  mini¬ 
mum  clearance  with  the  bolts,  since  shear  is  the  predominant  load.  Limited 
clearance  between  the  connector  and  the  scroll  nozzle  partitions  made  it 
necessary  to  use  gang  channels  rather  than  individual  locknuts . 

The  serrated  connector  assembly  is  made  from  Inconel  X  material. 

The  maximum  stress  in  the  serrated  connector  occurs  at  the  fillet  radius 
of  the  dovetail  and  is  calculated  to  be  22,800  psi. 

Link  Support  Assembly 

As  its  name  implies,  this  assembly  is  used  to  support  the  forward  actuation 
link.  The  assembly  consists  of  a  wheel  and  a  set  of  .roller  bearings  at¬ 
tached  to  a  bracket.  The  bracket  is  bolted  to  the  scroll  hat  section.  The 
drawings  of  the  assembly  are  given  in  Figures  55  and  56;  a  photograph  of 
the  assembly  is  shown  in  Figure  57. 

The  design  intent  for  the  link  support  assembly  was  to  provide  a  radial 
reaction  on  the  forward  drive  link,  thus  reducing- the  bending  stresses  in 
the  link  and  eliminating  a  bending  stress  in  the  serrated  connector  and 
cam  track.  The  radial  reaction  occurs  on  the  roller  bearings  assembled  to 
the  bracket.  These  bearings  are  the  same  as  those  used  as  cam  followers 
on  the  splitter  vane  bellcranks. 

The  wheel  which  supports  the  weight  of  the  forward  link  turns  freely  on  a 
bushing.  The  bushing  is  press  fitted  into  the  bracket  and  is  retained  by 
a  rivet. 

The  bracket  is  made  from  Hastelloy  X  material . 

The  maximum  predicted  stress  in  the  bracket  is  19,300  psi  and  occurs  at  the 
roller  bearing  mounting  hole. 

Actuator 

The  actuator  selected  for  the  VAS  actuation  system  demonstration  was  a 
linear,  nonflight  type,  hydraulic  actuator.  It  was  designed  to  have  an 
extended  length  of  17.5  inches  and  a  stroke  of  5.0  inches.  It  must  operate 
in  a  1200°F  environment  and  must  have  a  slew  rate  of  0.40  second  or  less. 

The  drawing  and  engineering  specifications  for  the  actuator  are  shown  in 
Figure  58;  Figure  59  shows  the  actuator  assembled  to  the  scroll. 

An  attempt  was  made  in  the  early  design  state  to  utilize  an  actuator  which 
was  already  available.  However,  because  of  both  mechanical  and  size  cri- 
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teria,  It  was  necessary  to  design  an  actuator  which  would  specifically 
meet  the  requirements  of  the  VAS  system. 

It  was  necessary  to  fix  the  length  of  the  actuator  at  17.5  inches  extend¬ 
ed.  This  length  was  arrived  at  by  the  requirement  for  a  5.0-inch  stroke 
and  to  permit  it  to  fit  between  the  front  frame  bellmouth  and  scroll  and 
at  the  same  time  not  extend  past  the  3  o'clock  strut  on  the  front  frame. 
The  cross-sectional  size  was  then  dictated,  concurrently,  by  the  load 
requirement  and  available  space. 

The  stroke  of  the  actuator  can  be  changed  by  adjusting  the  jam  nut  at  the 
rod  end  of  the  actuator.  It  is  necessary  to  change  the  stroke  when 
adjustments  for  area  trim  in  the  serrated  connector  have  been  made. 

Since  the  space  available  for  the  actuator  was  at  a  minimum,  it  was  im¬ 
possible  to  provide  insulation  to  that  section  of  the  scroll.  Provisions 
were  designed  in  the  actuator  for  cooling  flow  through  the  actuator  body 
and  rod  end  seals. 

The  1500-pound  load  requirement  for  the  actuator  was  arrived  at  by  doubling 
the  maximum  aerodynamic,  inertia,  and  friction  loads.  The  aerodynamic 
load  constitutes  the  major  portion  of  the  resistive  load,  and  it  was 
arrived  at  by  conservative  assumptions.  Consequently,  the  actual  load 
margin  is  greater  than  5  to  1 . 

An  electrical  position  indicator  i3  contained  within  the  actuator  body. 
This  device  supplies  the  feedback  signal  for  the  control  circuit  of  the 
system.  A  standard  military  electrical  connector  is  attached  to  the  head 
end  of  the  actuator. 

The  VAS  system  is  designed  as  a  fast  response  system.  Since  the  operation 
of  a  power  transfer  system  depends  also  on  the  response  of  the  actuator 
it  was  necessary  to  design  the  actuator  for  a  slew  rate  of  0.40  second. 

The  attachment  points  of  the  actuator  contain  spherical  bearings.  This 
is  necessary  to  circumvent  misalignment  and  to  allow  the  actuator  to 
rotate  at  its  hinge  points  during  operation. 

Actuator  Bracket  Assembly 

The  functions  of  the  bracket  assembly  are  to  support  the  actuator,  to  re¬ 
act  to  the  actuator  load,  and  to  support  the  aft  link.  The  bracket  itself 
is  a  triangular  shaped  sheet  metal  structure  with  an  actuator  support 
clevis  at  the  upper  corner;  it  is  mounted  to  the  scroll  with  two  bolts  and 
a  pin.  Assembled  to  the  bracket  are  sets  of  rollers  and  wheels  which  sup¬ 
port  the  links. 

The  drawings  of  the  components  in  the  bracket  assembly,  the  bracket,  and 
the  assembly  are  shown  in  Figures  60  and  61. 
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Since  the  bracket  assembly  reacts  the  entire  actuator  load,  it  was  neces¬ 
sary  to  give  careful  attention  to  the  load  points  and  load  paths  in  the 
bracket.  The  limited  clearance  between  the  front  frame  and  scroll  made 
this  fact  even  more  pronounced.  By  correlating  the  design  of  the  aft  link 
and  the  bracket  assembly,  it  was  possible  to  balance  the  load  internally. 
Except  for  the  actuutor  thrust  *nd  the  weight  of  the  components,  no  other 
loads  are  induced  in  the  scroll  structure. 

Sets  of  wheels  and  roller  bearings  attached  to  the  bracket  are  utilized 
to  support  the  aft  link,  to  minimize  friction  loads,  and  to  reduce  wear. 
The  roller  bearings  in  the  bracket  assembly  are  the  same  as  those  used 
for  cam  followers  in  the;  splitter  vane  bellcrank.  Since  there  are  two 
bearings  mounted  to  each  block,  it  was  necessary  to  provide  a  pivot  axis 
on  the  block  so  that  the  loads  would  be  equal  to  each  bearing. 

The  bushing  which  acts  as  a  shaft  for  the  wheel  is  assembled  to  the  brack¬ 
et  by  an  interference  fit  between  the  diameter.  To  maintain  rolling 
action,  the  inside  radius  of  the  wheel  was  designed  so  that  the  friction 
moment  at  the  inside  was  always  less  than  the  friction  moment  at  the 
periphery  of  the  wheel . 

A  clevis  welded  to  the  bracket  at  the  upper  corner  supports  the  actuator. 
Stiffeners  ere  welded  from  the  clevis  to  the  web  to  distribute  the  actua¬ 
tor  load,  to  prevent  buckling,  and  to  increase  the  structural  moment  of 
inertia . 

The  bracket  is  mounted  to  the  scroll  by  two  0.250-28  bolts  and  a  shear 
pin.  To  provide  for  thermal  differential  expansion,  all  the  bolt  holes 
in  the  bracket  are  slotted.  A  bushing  is  used  in  conjunction  with  the 
bolts  to  reduce  the  bearing  stress  and  to  provide  a  retaining  shoulder. 
During  assembly,  the  bolts  have  reduced  torque  to  allow  for  thermal  ex¬ 
pansion  and  deflection  of  the  bracket  relative  to  the  scroll. 

The  actuator  load  is  reacted  by  a  shear  pin  in  the  scroll .  To  compensate 
for  misalignment  of  any  of  the  holes,  the  hole  for  the  shear  pin  was 
slotted  vertically.  Sufficient  bear'ng  area  was  obtained  by  making  the 
sides  of  the  shear  pin  flat. 

Behind  the  actuator  support  clevis  is  a  fourth  mount  for  the  bracket. 

This  mount  provides  a  reaction  against  the  out-of-plane  component  of  the 
actuator  load.  By  slotting  the  holes  and  making  the  secondary  clevis 
wide,  the  bracket  can  expand  and  deflect  in  all  other  directions. 

A  rectangular  bar  and  two  doublers  are  welded  to  the  base  of  the  bracket. 
They  were  needed  to  provide  adequate  torsional  stiffness  to  the  bracket 
because  the  loads  of  the  wheels  are  eccentric  to  the  bracket  centroidal 
line.  As  mentioned  previously,  the  mounting  bolts  are  assembled  with  re¬ 
duced  torque  because  it  is  likely  that  they  would  provide  rotational  re¬ 
straint  which  would  be  greater  than  that  of  the  torsion  bar. 
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The  bracket  is  made  from  Inconel  X  material. 


WEIGHT 


The  weight  of  the  area  control  system  for  the  scroll,  including  the  non 
flight-type  actuator,  is  28.11  pounds.  Table  II  represents  the  weight 
distribution  of  the  various  components  in  the  complete  system.  The  com¬ 
ponents  weight  is  subtotaled  to  indicate  the  weight  co:  tribution  of  each 
major  subassembly. 

RECOMMENDATIONS 

Several  minor  changes  are  recommended  in  order  to  Improve  the  integrity 
of  the  components,  to  facilitate  assembly,  and  to  improve  performance  of 
the  system.  These  recommendations  are  based  primarily  on  manufacturing 
and  assembly  difficulties  which  were  encountered  in  this  program. 

Scroll 

1.  Specify  the  allowable  weld  buildup  in  the  areas  where  the  scroll 
struts  protrude  through  the  torque  tube.  The  lack  of  clearance 
between  the  outer  band  seal  rod  and  the  weld  buildup  made  assem¬ 
bly  of  the  se9l  sectors  difficult  and,  consequently,  time-consum¬ 
ing. 

2.  Change  the  hat  section  which  supports  the  actuator  bracket  shear 
pin  to  a  solid  bar  in  the  vicinity  of  the  shear  pin  boss.  It 
was  necessary  to  add  shims  between  the  bracket  and  the  scroll 
during  assembly;  consequently,  the  > .nding  moment  in  the  shear 
pin  and  its  boss  was  tripled.  By  making  the  hat  section  solid, 
the  scroll  structure  is  better  able  to  react  a  bending  moment. 

3.  Increase  the  diameter  of  the  splitter  vane  support  rod.  The  in¬ 
tegrity  of  several  of  the  rods  in  this  assembly  was  marginal  as 
a  result  of  excessive  benching;  consequently,  they  had  to  be  re¬ 
paired.  A  larger  rod  and  conscientious  quality  control  inspec¬ 
tion  would  minimize  this  problem. 

4.  Enforce  the  splitter  vane  benching  requirements.  Almost  none  of 
the  vanes  would  close  properly  when  bolted  to  the  torque  plug; 
consequently,  they  had  to  be  removed  and  reworked.  A  design 
engineer  and/or  quality  control  engineer  should  approve  the 
benching  before  the  scroll  shell  is  welded  to  the  nozzle  dia¬ 
phragm. 

5.  Relocate  the  pivot  axis  0.100  inch  Coward  the  splitter  vane 
trailing  edge  so  that  the  air  load  will  tend  to  keep  it  closed 
when  it  is  in  the  closed  position.  As  it  is  presently  designed, 
the  splitter  vane  is  nearly  balanced  and,  subsequently,  could 
flutter.  Changing  the  pivot  axis  could  reduce  the  tendency  to 
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flutter  and  would  also  provide  a  more  positive  sealing  effect. 


Mechanism 


1.  Eliminate  the  neet.  for  rivets  on  the  middle  levers  in  the  aft 
lever  and  bellcrank  subassembly.  This  would  require  a  longer 
(approximately  0.12  inch)  stut  shaft  on  these  particular  levers 
to  prevent  the  tie  bar  from  disengaging;  however,  it  would 
eliminate  binding  in  the  subassembly. 

2.  Add  a  0.030-lnch-diameter  lockwire  hole  to  the  aft  and  forward 
bellcranks.  Presently,  the  bolt  is  lockwired  to  the  roller 
bearing  nut  and  it  is  not  as  reliable  as  it  could  be. 

3.  Reduce  the  diameter  of  the  stub  =  aft  on  the  levers  and  bell- 
cranks  by  0.015  inch.  This  trouic1  reduce  protrusions  resulting 
from  the  torque  plug  diameter's  not  being  concentric. 

4.  Change  the  design  of  the  actuator  bracket  so  that  the  "wheels" 
can  be  coupled  directly  by  a  torsion  bar.  The  present  design 
incorporates  a  torsion  bar  also,  but  there  are  several  stress 
risers  between  the  wheels  and  the  torsion  bar. 
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DESCRIPTION  OP  TEST  EQUIPMENT 


FAN  ASSEMBLY 

The  test  vehicle  used  during  this  program  was  a  lift  fan  assembly  consist¬ 
ing  of  the  variable  area  scroll  and  the  LF2  lift  fan  system.  The  assembly 
drawing  of  the  LF2  fan  system  is  shown  in  Figure  62,  and  the  variable  area 
scroll  asserbly  is  shown  in  Figures  63  and  64.  This  complete  assembly  is 
commonly  referred  to  as  the  LF2/VAS  fan  assembly.  The  complete  assembly 
consisted  of  four  major  subassemblies;  namely,  a  modified  X353-5A  rear 
frame,  a  modified  LF2  front  frame,  an  LF2  rotor  assembly,  and  the  variable 
area  scroll  assembly. 

The  X353-5A  rear  frame  is  one  of  the  components  designed  for  the  original 
X353  lift  fan  assembly,  a  model  of  which  was  used  to  power  the  XV-5A  air¬ 
craft.  The  details  of  the  design  of  this  component  are  given  in  Refer¬ 
ence  5.  The  rear  frame  component,  other  than  providing  a  supporting 
structure  of  the  fan  system,  includes  the  fan  and  fan  turbine  exit  stators 
and  provides  the  supporting  structure  for  the  fan  exit  louver  system. 

The  LF2  front  frame  is  the  major  supporting  component  of  the  fan  system. 

It  provides  a  method  of  supporting  the  rotor  assembly  and  the  fan  scroll. 

A  complete  design  summary  of  this  component  is  given  in  Reference  9.  The 
LF2  front  frame  represents  advanced  technology  in  frame  design  through 
the  use  of  different  materials  selected  on  a  basis  of  load- temperature 
application.  The  LF2  frame  as  designed  does  not  include  an  integral  bell- 
mouth.  The  be >1 mouth  for  this  test  was  a  stainless  steel  component  sup¬ 
ported  fror.  the  wing  structure. 

The  LF2  rotor  assembly  is  also  a  lightweight  component  that  represents  a 
design  improvement  over  the  existing  X353-5  rotor  system.  The  component 
makes  use  of  lightweight  titanium  fan  blades  and  rotor  discs.  A  light¬ 
weight  turbine  design  is  also  used  in  this  component.  Except  for  mechan¬ 
ical  design  changes,  the  LF2  rc  or  assembly  was  designed  to  be  aerodynam¬ 
ical  1  y  similar  to  the  X353-5B  fan  system.  A  photograph  of  the  complete 
LF2  rotor  assembly  is  given  in  Figure  63.  The  mechanical  performance  of 
the  LF2  rotor  assembly  during  a  previous  test  is  given  in  Reference  1. 

The  variable  area  scroll  assembly  is  the  major  component  modification  in 
the  test  vehicle  from  the  X353-3  type  of  system.  The  design  of  the  scroll 
has  previously  been  given  In  detail.  A  photograph  of  the  completed  scroll 
assembly  is  shown  In  Figures  66  and  67. 

TEST  FACILITY 

The  test  vehicle  was  Installed  in  the  Lift  Fan  Test  Facility  located  at 
Oenwral  Electric  in  Evendale,  Ohio.  This  facility  was  previously  used 
during  fllghtworthiness  testing  of  the  X3SJ-5B  propulsion  system.  The 
facility  Is  described  In  detsll  in  Reference  4. 
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In  this  facility,  the  test  fan  assembly  is  installed  in  a  wing  type  of 
installation.  The  gas  producers  used  to  drive  the  lift  fan  are  two  J85 
engines.  The  engine  exhaust  gas  is  ducted  to  the  fan  assembly  through 
two  diverter  valves  and  cross  duct  systems,  similar  to  the  XV-5A  aircraft 
type  of  installation.  The  lift  fan  is  installed  in  the  right  wing  loca¬ 
tion,  and  overboard  dump  through  exhaust  nozzles  is  provided  to  hnndle 
the  remainder  of  the  core  engine  gas  flow  not  being  delivered  to  the  test 
fan.  Methods  used  in  setting  this  overboard  dump  flow  will  be  discussed 
later  during  description  of  the  test  procedures  and  test  results. 

In  order  to  test  the  variable  area  scroll,  a  method  of  varying  the  over¬ 
board  dump  system  in  synchronism  with  the  variable  area  scroll  was  re¬ 
quired.  This  system  was  designed  and  built  specifically  for  these  tests 
and  is  described  later. 

Figure  68  shows  photographs  of  the  LF2/VAS  fan  assembly  installed  in  the 
test  facility.  The  upper  photograph  shows  a  top  view  of  the  fan  installed 
in  the  wing.  This  photograph  *as  taken  during  facility  buildup  prior  to 
installation  of  the  fairings  between  the  bellmouth  assembly  and  the  wing 
upper  surface .  The  lower  photograph  shows  a  view  of  the  lower  side  of 
the  fan  installation.  The  exit  louver  assembly  and  the  lower  parts  of 
the  scroll  and  cross  ducts  are  visible.  The  two  pipes  pointing  downward 
are  exhaust  nozzles  that  were  provided  to  bleed  part  of  the  core  engine 
flow,  as  will  be  described  in  detail  later. 

VAS  CONTROL  SYSTEM 


When  a  variable  area  scroll  system  is  installed  in  an  aircraft,  at  least 
two  fans  will  be  used.  In  this  test,  only  one  fan  system  was  available. 
The  other  fan  was  simulated  by  an  overboard  dump  that  allowed  for  area 
control  in  unison  with  the  test  fan. 

Block  diagrams  of  the  hydraulic  and  electrical  control  systems  are  shown 
in  Figures  69  and  70.  As  shown  in  Figure  69,  hyaraulic  fluid  (at  2000 
to  3000  pounds  per  square  inch  pressure)  is  supplied  by  a  pump  and  two 
accumulators.  The  linear  actuator  of  the  variable  area  scroll  is  con¬ 
trolled  by  an  electrically  operated  servo  valve.  Actuation  of  the  dump 
valves  is  accomplished  in  a  similar  manner  using  a  rotary  actuator  to 
operate  the  butterfly  dump  valves.  A  third  part  of  the  hydraulic  system 
provides  for  operation  of  the  two  engine  diverter  valves.  Control  valves 
and  actuators  select  tlv  diverter  valve  position  corresponding  to  fan  or 
uirect  jet  thrust  metes  of  operstion. 

The  block  diagram  of  the  system  used  to  supply  the  electrical  control  in¬ 
put  to  the  dump  valve  and  scroll  servo  valves  is  shown  in  Figure  70.  In 
this  system  a  * bree-pos it icn  function  switch  is  provided.  This  switch 
permits  selection  of  the  following  three  types  of  input  commands  for  the 
control  systca: 


o  A  variable  frequency  sine  wave  Input  with  control  of  both  *he 


average  level  and  the  amplitude  of  the  sine  wave. 

o  An  independent  manual  control  of  both  the  sc. all  and  dump  valve 
system. 

o  A  synchronized  control  of  both  the  scroll  and  dump  valve  system, 
with  the  capability  oi  producing  step  changes  in  the  level  of  the 
input  command. 

The  input  command  of  the  dump  valve  then  passes  through  a  phase  change 
system  that  either  provides  for  in-phase  or  out-of-phase  operation  rela¬ 
tive  to  the  scroll  system.  The  purpose  of  the  three  types  of  input  com¬ 
mands  as  well  as  the  phase  change  system  will  be  described  in  the  pre¬ 
sentation  and  discussion  of  the  test  results. 

The  input  commands  from  this  point  follow  similar  flow  paths  through  the 
b<tock  diagram.  The  commands  next  pass  through  a  "lazzer"  network.  This 
device  is  a  simple  phase  lead  network  that  was  described  previously.  The 
next  operation  is  a  conversion  of  the  input  commands  by  means  of  a  flexi¬ 
ble  analog  system.  The  flexible  analog  is  an  electrical  device  that 
operates  on  the  input  commands  and  essentially  converts  the  commands  to 
an  area  level  of  the  scroll  and  dump  valve  systems.  The  programs  used 
for  the  flexible  analog  were  selected  during  the  conduct  of  the  test  pro¬ 
gram  such  thac  the  sum  of  both  the  scroll  and  dump  valve  areas  remained 
a  constant  value  as  the  control  input  level  was  varied  with  the  function 
selector  switch  in  either  position  one  or  position  three. 

The  output  of  the  flexible  analog  then  drives  a  servo  amplifier  that  pro¬ 
vides  the  electrical  signal  to  the  hydraulic  valves  as  previously  de¬ 
scribed.  Position  feedback  is  provided,  as  well  as  an  adjustment  of 
actuator  maximum  slew  rate. 

Photographs  of  the  scroll  actuator  end  associated  mechanisms  may  be  ob¬ 
served  in  Figures  66  and  67.  Figure  71  shows  a  photograph  oi  the  over¬ 
board  dump  valve  system.  The  two  ducts  extending  from  the  facility  are 
connected  to  the  two  engine  cross  duct  discharge  flanges  in  the  location 
of  the  left  wing  fan.  The  two  dump  valves  are  located  at  the  ends  of 
these  ducts.  The  spiral  cooling  columns  are  the  shafts  and  bearings  of 
the  dump  valves.  An  extension  pipe  is  attache.'  to  both  dump  valves  to 
straighten  the  flow  before  the  overboard  dump.  The  hydraulic  actuate, 
accumulator,  and  servo  valves  are  located  below  the  left-hand  dump  val  vo 
in  the  photograph. 
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EXPERIMENTAL  PROCEDURE 


INSTRUMENTATION 


The  instrumentation  for  the  LF2/VAS  test  is  presented  in  Table  III.  Aero¬ 
dynamic  and  mechanical  instrumentation  of  both  core  engines  and  fan  are 
Included  along  with  facility  Instrumentation  for  operational  and  safety 
purposes . 

* 

Core  engine  inlet  aerodynamic  instrumentation  is  shown  in  Figure  72.  Two 
5-element  boundary  layer  total  pressure  rakes  were  installed  on  engine  2. 
These  were  used  to  determine  the  flow  calibration  of  the  bellnouth.  Core 
engine  inlet  flow  measurements  during  fan  running  were  determined  from  the 
t  above  calibration  using  static  pressures  elements  A  and  C  on  engine  1  and 

B  and  D  on  engine  2. 

Figure  73  illustrates  core  engine  turbine  discharge  instrumentation.  Both 
engines  used  YJ85-5  EGT  harnesses.  The  elements  P* 5 and  Ps5,lc  were 
installed  for  the  purpose  of  observing  dynamic  response  during  fan  transfer* 
investigations.  These  elements  installed  in  core  engine  1  were  recorded  on 
Sanborn  recorders  iring  all  the  fan  testing. 

One  core  engine  tailp  .pe  was  instrumented  with  eight  4-element  temperature 
rakes  for  the  purpose  oi  calibrating  the  exhaust  gas  temperature  (EGT) 
harnesses;  see  Figure  74.  The  harness  calibrations  are  done  in  the  jet 
mode.  The  same  instrumented  tailpipe  is  used  for  the  calibration  of  each 
core  engine  EGT  harness. 

The  ducting  system  of  each  engine  contains  an  overboard  dump  leg  which  is 
instrumented  as  shown  in  Figure  75.  The  three  total  pressure  rakes  are 
oriented  90  degrees  apart  and  the  top  centerline  of  each  duct  wa;  chosen  in 
an  attempt  to  locate  the  total  pressure  rakes  symmetrically  in  relation  to 
the  flow.  Fror  the  measured  total  pressure,  static  pressure  and  total 
temperature,  ti.3  gas  flow  rate  through  the' —  ducts  is  calculated. 

Static  pressure  taps  are  located  in  the  two  scroll  ends  as  illustrated  in 
Figure  76,  As  the  scroll  is  closed,  these  pressure  elements  become 
representative  of  scroll  nozzle  inlet  total  pressure. 

*  Fan  inlet  temperature  thermocouples  are  located  on  the  screen  as  shown  in 

Figure  77.  There  are  12  elements  spaced  to  represent  equal  flow  areas  of 
the  screen.  The  four  inlet  static  pressure  rakes.  Figure  78,  were  used  to 
measure  fan  airflow.  A  series  of  wall  static  pressures  along  the  bullet- 
nose  as  shewn  in  Figure  79  was  also  monitored. 

Rotor  discharge  total  pressures  were  measured  in  each  quadrant  of  the  fan 
and  were  located  as  shown  in  Figure  80.  Upper  and  lower  surface  hub 
statics  are  also  indicated  in  the  figure  and  were  recorded  throughout  the 
fan  testing. 
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Seal  temperature  instrumentation ,  Figure  81,  was  Installed  before  run  15 
and  remained  in  place  throughout  the  subsequent  10  hours  of  fan  testing. 

Mechanical  and  structural  temperatures  monitored  throughout  the  test  are 

presented  in  Figures  82  through  88.  Thermocouples  were  installed  on  the 

fan  front  frame.  Figure  82,  on  the  variable  area  scroll  mechanism,  Figure 

83,  on  the  variable  area  scroll  actuator,  Figure  84,  on  the  scroll  actua-  , 

tor  bracket.  Figure  85,  and  on  the  front  frame  shaft  in  line  with  the  ball 

bearing  race,  Figure  86.  Rotating  thermocouples  were  installed  on  the 

torque  band  and  blade  tip  tang,  Figure  87,  and  on  the  fan  turbine  bucket. 

Figure  88. 

4 

Steady-state  strain  gage  instrumentation  was  installed  on  the  scroll  actu¬ 
ator  support  bi acket.  Figure  85,  but  was  not  used  throughout  the  test. 

The  required  actuation  force  was  relatively  small  and  the  drift  in  these 
gages  was  excessive  compared  to  the  total  range  to  be  measured.  As  a 
consequence,  hydraulic  gages  were  used  in  place  of  these  strain  gages  for 
the  measurement  of  actuation  forces. 

Rear  frame  strain  gages,  Figure  89,  were  necessary  muirly  for  the  required 
fan  running  without  stator  stiffener  rings  installed.  Torque  band  gages, 

Figure  87,  fan  blade  gages.  Figure  90,  and  turbine  bucket  gages.  Figure  88, 
were  the  rotating  gages  monitored  and  recorded  throughout  the  test. 

DATA  ACQUISITION 

The  control  room  is  locr.ted  adjacent  to  the  lift  fan  test  facility  and 
houses  data  recording  equipment  and  operating  personnel.  Figures  91  and 
92  show  the  inside  of  the  control  room  and  the  arrangement  of  the  data 
recording  systems  used  for  the  LF2  variable  area  scroll  test. 

All  steady-state  performance  parameters,  including  aerodynamic  pressures 
and  temperatures,  fan  and  core  engine  speeds,  horizontal  and  vertical  load 
cell  readings,  scroll  and  dump  valve  positions,  ar.d  fan  vibrations,  were 
recorded  on  the  digital  data  system  shown  in  Figure  91.  The  digital 
system  automatically  scans  am.  records  all  of  these  parameters  on  punch 
tape  and  on  a  printed  listing.  The  punch  *ape  is  a  convenient  data  re¬ 
cording  used  for  input  to  other  computer  programs,  while  the  printed  * 

listing  is  a  duplicate  record  available  for  reference  purposes. 

Pressure  transducers  are  used  in  conjunction  with  the  digital  system  for 
recording  pressures.  For  purposes  of  this  test,  12  transducers  were 
used,  each  containing  provision  ior  12  pressure  connections.  One  port 
was  vented  to  atmosphere  for  reference  purposes,  leaving  11  ports  per 
transducer,  or  a  total  of  132  ports,  available  for  recording  pressures. 

Six  transducers  were  calibrated  for  recording  pressure  ranges  from  ambi¬ 
ent  to  25  pounds/square  inch  above  ambient,  and  the  other  si:  were  cali¬ 
brated  for  recording  pressures  within  5  pounds/square  jnui  of  ambient. 

Two  8-channel  Sanlk  rn  recorders  were  used  to  make  continuous  time  record- 


32 


ings  of  selected  parameters  for  measuring  transient  response  characteris¬ 
tics.  Parameters  included  on  Sanborn  recorders  were  as  follows: 

Core  Engine  1  Speed, 

Core  Engine  2  Speed, 

Core  Engine  1  EGT,  EGTj 

Core  Engine  2  EGT,  EGT 

Engine  1  Fuel  Flow, 

Engine  2  Fuel  Flow, 

Engine  2  Throttle  Setting,  TA2 

Turbine  Discharge  Total  Pressure,  P 

tv  •11 

Turbine  Discharge  Static  Pressure,  P  _ 

s5.ll 

Fan  Bulletnose  Axial  Vibrations 

Scroll  Actuator  Position,  6_ 

5 

Dump  Valve  Actuator  Position,  6^ 

Fan  Speed,  N^, 

Total  Load  Cell  Lift,  L 
Scroll  Actuator  Input  Signal 

All  structural  temperatures  were  recorded  on  two  Speed-O-Max  recorders. 


The  items  included  were  as  follows: 

Speed-O-Max  1 

Fan  Front  Frame  (Tube  1  o'clock)  T.?F1 

Fan  Front  Frame  (Flanv?  1  o'clock)  TFF2 

Fan  Front  Frame  (Tube  3:30  o'clock)  TFF3 

Fan  Front  Frame  (Flange  3:30  o'clock)  TFF4 

Fan  Front  Frame  (Tube  5  o'clock)  TFF5 

Fan  Front  Frame  (Flange  5  o'clock)  TFF6 

Fan  Front  Frame  (Structural  12  o'clock)  TFF'< 
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Fan  Front  Frame  (Structural  6  o'clock)  TFF8 

Fan  Scroll  Actuator  (Bracket  1  o'clock)  TSAI 

Fan  Scroll  Actuator  (Bracket  5  o'clock)  TSA2 

Fan  Scroll  Actuator  (Actuator)  TSA3 

Fan  Scroll  Actuator  (Actuator)  TSA4 

Engine  1  Lube  Tank  TLT-1 

Engine  2  Lube  Tank  TLT-2 

Hydraulic  Tank  THT 

Speed- O-Max  2 

Fan  Ball  Bearing  (3  Channels)  TLF1 

Fan  Roller  Bearing  (3  Channels)  TUF1 

Fan  Rotating,  Tip  Tang  (3  Channels)  TFR1 

Fan  Rotating,  Torque  Band  (4  Channels)  TFR2 

Fan  Rotating,  Turbine  Bucket  (3  Channels)  TFR3 

Fan  Rear  Frame  Seal  (2  Channels)  TS1 

Fan  Rear  Frame  Seal  (2  Channels)  TS2 

Far  Rear  Frame  Seal  (2  Channels)  TS3 

Scroll  Actuator  Bracket  (1  Channel)  TSB1 


The  stress  monitor  system  is  shown  in  Figure  92.  It  includes  scopes  for 
visually  monitoring  stress  levels  during  the  test  as  well  as  a  tape  re¬ 
corder  fo.'  recording  the  data  for  future  analysis. 

Readout  and/or  control  devices  for  all  facility,  operational,  and  safety 
instrumentation  are  located  on  panels  near  the  engine  operator’s  station; 
see  Figure  92.  Manual  recording  of  this  data  on  test  run  log  sheets  was 
performed  for  each  reading. 

DATA  REDUCTION  PROCEDURES 


Reduction  of  the  performance  test  data  into  useable  engineering  units  and 
parameters  was  accomplished  using  high-speed  electronic  computing  machines. 
Two  separate  data  reduction  procedures  or  methods  were  employed.  One  method 
provided  for  a  quick  look  at  the  data  and  performed  the  simple  operation  of 
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converting  all  data  to  engineering  units  using  the  appropriate  calibration 
constants  of  the  recording  systems.  This  method  utilized  a  time-sharing 
computer  system.  The  system  uses  a  teletype  transmitter-receiver  station 
installed  at  the  test  facility.  The  station  is  coupled  through  telephone 
lines  to  a  number  of  large  electronic  computers.  The  teletype  station 
accepted  the  punched  tape  output  of  the  digital  recording  system,  converted 
the  digital  data,  and  provided  a  listing  of  all  parameters  as  well  as  some 
more  important  average  performance  indicators.  This  computation  technique 
provided  a  method  of  monitoring  test  progress  and  operation  of  the  instru¬ 
mentation  systems. 

A  second  and  more  complex  program  was  used  to  perform  all  the  detailed 
performance  calculations.  This  calculation  program  was  written  explicitly 
for  this  test  and  utilized  the  General  Electric  computational  facilities  at 
Evendale.  The  detailed  procedures  and  calculation  methods  incorporated  in¬ 
to  this  program  are  given  in  the  Appendix.  The  output  of  the  program  pro¬ 
vided  the  basic  performance  data  presented  and  discussed  in  this  report. 

In  addition  to  the  electronic  data  processing  methods,  manual  data  reduc¬ 
tion  was  required  for  analysis  of  the  transient  performance  of  the  system 
under  conditions  of  both  sine  wave  and  step  inputs.  The  reduction  proce¬ 
dures  used  were  as  follows. 

For  tests  where  the  input  command  to  the  fan  system  was  of  a  sine  wave 
type,  the  input  command  to  the  fan  was  held  constant  and  only  the  frequency 
of  the  command  was  varied.  Since  at  a  frequency  of  0.07  and  below  the  fan 
response  is  within  a  few  percent  of  the  steady-state  response,  the  speed 
and  lift  change  at  this  condition  was  assigned  a  level  of  one.  The  speed 
and  lift  levels  at  the  progressively  higher  frequencies  were  then  ratioed 
to  this  base  level.  This  gave  the  relative  response  as  a  function  of  com¬ 
mand  input  frequency.  The  resulting  amplitude  ratio  was  then  converted  to 
units  of  decibels  for  presentation  of  the  data.  A  conversion  chart  be¬ 
tween  amplitude  ratio  and  decibels  is  given  in  Figure  8. 

The  phase  angle  of  the  fan  output,  either  fan  speed  or  thrust,  was  obtained 
by  comparing  the  time  lag  of  the  output  and  input  command  at  the  mean  or 
average  levels  of  each  cycle  of  sinusoidal  input.  Knowing  the  frequency 
of  the  input  command,  the  time  for  one  cycle,  and  consequently  the  phase 
angle  in  degrees,  was  obtained.  The  resulting  attenuation  ratio  and  phase 
angle  were  then  presented  as  a  function  of  the  input  frequency  to  show  the 
measured  test  results. 

For  tests  where  a  step  change  of  the  input  command  was  used,  the  perform¬ 
ance  will  be  presented  as  a  time  constant.  Step  inputs  of  scroll  area, 
either  in  or  out  of  phase,  and  step  inputs  of  engine  throttle  will  be  pre¬ 
sented  in  this  form.  To  obtain  the  time  constant,  the  levels  of  output, 
fan  speed  or  thrust,  were  obtained  for  the  conditions  both  before  and  after 
the  transient.  Knowing  these  levels  and  assuming  that  the  fan  system  is  a 
single-order  response  system,  the  time  constant  is  defined  as  the  time  re¬ 
quired  to  achieve  63  percent  of  the  total  change  during  the  transient. 
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A  second  method  that  should  yield  the  same  time  constant  for  a  single¬ 
order  system  makes  use  of  the  initial  slope  of  the  transient  at  the 
instant  when  the  si  inp'it  is  made.  Extx*apolatlon  of  the  initial  slope 
of  the  curve  to  the  i-iial  level  of  the  output  yield  a  time  interval 
equal  to  one  time  constant  as  described  above.  Nonlinearities  and 
second-order  effects  produce  differences  of  time  constants  obtained  by 
these  two  methods.  A  comparison  of  the  significance  of  these  two  methods 
of  measuring  time  constants  is  depicted  in  Figure  93  for  a  typical  ideal 
first-order  transient  system. 


During  conduct  of  the  tests,  strain  gages  are  used  to  monitor  vibratory 
stresses  at  critical  points  on  the  rotor  components.  Observation  of 
the  stress  signals  on  oscilloscopes  provides  knowledge  of  stress  con¬ 
ditions  during  the  test.  Simultaneously,  the  stress  signals  were  re¬ 
corded  on  magnetic  tape  for  future  analysis.  The  magnetic  tape  record 
was  reduced  to  a  more  useable  form  using  the  facilities  of  the  Automatic 
Data  Reduction  Center  at  General  Electric  Company  in  Evendale.  This 
facility  provides  several  methods  f  aiding  the  analysis  of  vibratory 
stress  data.  Among  the  methods  used  in  the  analysis  of  LF2/VAS  stress 
data  were: 


Overall  Level  Playback 

This  provides  a  chart  trace  of  maximum  peak-to-peak  amplitude  of  vibratory 
stress  as  a  function  of  time.  The  fan  speed  signal  is  provided  in  paral¬ 
lel  with  the  stress  signal. 

Spectrum  Analysis 

The  spectrum  analysis  provides  a  stress  amplitude  versus  frequency  from 
the  stress  signal  for  a  specified  tine  period.  By  this  method,  the 
amplitude  of  each  component  making  up  the  complex  wave  form  can  be  deter¬ 
mined. 


Mode  Analysis 

The  peak-to-peak  amplitude  of  each  of  the  primary  vibratory  modes  is 
plotted  as  a  function  of  time.  Band-pass  filters  are  chosen  to  selec¬ 
tively  filter  the  stress  signal  and  record  that  part  of  the  signal  within 
a  specified  frequency  range. 

Wave  Form 


The  shape  of  the  stress  signal  wave  form  can  be  obtained  for  study  of 
the  stress  variation  during  one  or  more  revolutions  of  the  rotor. 

Rotor  mechanical  data  were  obtained  in  a  similar  manner  during  the  LF2 
Demonstration  Test  in  1964,  Reference  1.  The  test  data  from  the  LF2/VAS 
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testing  will  be  compared  to  the  previous  data  when  it  is  helpful  in 
explaining  the  results. 

TEST  PROCEDURES 


Throughout  the  test  program,  any  particular  test  may  be  classified  as  one 
of  the  following  types. 

o  Core  engine  calibration 

o  Fan  performance  with  variable  speed 

o  Fan  performance  with  variable  louver  position 

o  Fan  performance  with  variable  scroll  position 

o  Variable  area  scro’l  calibration 

o  Steady-state  sinusoidal  control  system  response 

o  Control  response  with  step  inputs  of  area 

o  Control  response  with  step  inputs  of  core  engine  power 

The  following  procedure  will  describe  the  general  test  procedures  used  to 
accomplish  each  type  of  test  program.  Prior  to  each  test,  normal  facility 
inspections  and  chocks  were  performed  to  insure  satisfactory  condition  of 
the  test  hardware. 

Core  Engine  Calibration  Run 

The  core  engine  calibration  runs  were  intended  to  produce  basic  engine 
performance  during  operation  in  the  turbojet  mode.  During  these  types  of 
runs,  typical  variables  that  were  tested  included  engine  exhaust  nozzle  area 
and  inlet  bulletnose  configuration.  The  test  procedures  were  as  follows: 

1.  Air  motor  engine  on  air  impingement  starter  to  a  minimum  of 
14-percent  speed. 

2.  Turn  on  ignition  and  advance  the  throttle  to  the  idle  position. 

3.  Observe  normal  starting  cycle  and  idle  speed. 

4.  Accelerate  the  engine  to  the  desired  power  setting  or  engine 
speed . 

5.  Record  two  complete  scans  of  the  digital  instrumentation  and 
record  all  safety  instrumentation. 

6.  Repeat  the  above  procedures  at  each  desired  power  setting  not 
exceeding  the  engine  maximum  speed  rating  of  101  percent  or 
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the  maximum  exhaust  gas  temperature  rating  of  685  degrees 
centigrade  for  the  J85  engine  and  665  degrees  centigrade 
for  the  YJ85  engine. 

7.  After  completion  of  the  desired  test  program, set  the  core 
engine  speed  at  70  percent  and  cool  down  for  2  minutes. 

8.  Shut  down  the  engines  and  observe  normal  engine  coast  down. 

Fan  Performance  With  Variable  Speed 

Fan  performance  runs  with  variable  speed  were  typical  tests  used  to  observe 
effects  of  the  numerous  test  variables  on  system  performance.  Typical 
variables  were  stator  stiffener  rings,  scroll  area  setting,  influence  of 
exit  louvers,  and  effects  of  fan  inlet  circular  vane.  The  test  procedures 
were  as  follows : 

1.  Adjust  test  configuration  to  desired  values  of  exit  louver 
angle  and  scroll  area. 

2.  Start  both  engines  using  normal  procedures. 

3.  Accelerate  the  engines  to  70  percent  speed  and  observe 
normal  operation. 

4.  Operate  the  diverter  valves  from  the  cruise  position, 
turbojet  mode,  to  the  lift  position,  fan  mode,  and 
observe  fan  speed  run-up. 

5.  While  observing  safety  instrumentation,  increase  core  engine 
power  setting  to  desired  speed  level  on  either  the  fan  or 
core  engine. 

6.  Take  two  complete  scans  of  the  digital  instrumentation  and 
proceed  to  the  next  desired  test  point. 

7.  After  completion  of  the  desired  test  program,  set  the  core 
engine  speed  to  70  percent  and  operate  the  diverter  valves 
to  cruise. 

8.  Allow  the  engine  to  cool  down  for  2  minutes  at  70  percent 
speed  and  shut  down. 

Fan  Performance  With  Variable  Louver  Position 


This  type  of  test  was  used  to  d'  termine  the  performance  of  the  fan  system 
under  conditions  of  variable  fc.i  exit  louver  angle  conditions. 

1,  Set  the  configuration  to  the  desired  test  condition. 
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2.  Start  the  core  engines  and  divert  to  the  fan  mode  as  in  the 
previous  procedures. 

3.  Accelerate  the  core  engines  to  the  desired  po%er  level. 

4.  Take  two  complete  scans  of  the  digital  instrumentation. 

5.  Maintaining  constant  core  engine  power ,  reset  the  exit 
louver  angle  to  the  next  set  of  test  conditions  and  record 
data. 

6.  Repeat  the  above  procedures  until  the  test  is  completed  and 
shut  down  the  core  engine  as  previously  described. 

Fan  Performance  With  Variable  Scroll  Position 


This  type  of  test  was  intended  to  yield  steady-state  control  character¬ 
istics  of  the  fan  by  varying  scroll  area.  The  test  procedures  are 
similar  to  those  previously  described  except  that  the  scroll  area  is 
varied.  Synchronized  movement  of  the  dump  valve  is  maintained. 

Variable  Area  Scroll  Calibration 


This  test  program  was  run  to  obtain  the  desired  relationship  of  the  scroll 
actuator  and  dump  valve  actuator  as  required  to  maintain  constant  core 
engine  operating  conditions.  The  following  procedures  apply  to  engine 
power  settings  of  100  and  95  percent. 

1.  Set  the  scroll  area  to  the  maximum  open  position  and  .he 
exit  louvers  to  zero  degrees. 

2.  Start  up  the  engines  and  divert  to  the  fan  mode  of  operation. 

3.  Accelerate  the  engines  to  the  desired  power  setting  of  100  or 
95  percent  and  slowly  adjust  the  dump  valve  position  until 
rated  exhaust  gas  temperature  is  obtained  on  engine  1, 

Observe  that  engine  2  is  near  rated  temperature. 

4.  Take  two  complete  scans  of  the  digital  instrumentation. 

5.  Slowly  open  the  dump  valve  until  the  exhaust  gas  temperature 
on  engine  1  drops  by  30  degrees  centigrade. 

6.  Slowly  close  the  scroll  actuator  until  the  exhaust  gas  tempera¬ 
ture  for  e-^iue  1  is  again  at  rated  conditions.  The  above 
procedure  has  now  resulted  in  a  change  of  scroll  area  with  engine 
1  returned  to  the  initial  operating  conditions.  Engine  2  should 
remain  at  near  rated  exhaust  gas  temperature. 

7.  Take  two  complete  scans  of  the  digital  instrumentation. 
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8.  Repeat  the  above  procedures  until  further  notion  of  the  scroll 
actuator  Is  not  possible.  At  this  condition  with  the  scroll 
actuator  full  closed,  slowly  close  down  the  dump  valve  until 
rated  exhaust  gas  temperature  is  achieved. 

9.  Take  two  coaplete  digital  data  scans. 

10.  3hut  down  the  core  engine  as  previously  described. 

Steady  State  Sinusoidal  Control  System  Response 

This  type  of  test  applies  to  that  part  of  the  test  program  when  response 
of  the  fan  system  to  sine  wave  input  commands  was  measured.  Prior  to  the 
conduct  of  these  tests,  programming  of  the  flexible  analog  system  as 
previously  described  was  completed;  the  scroll  and  dump  valve  actuation 
systems  wore  operated  at  power-off  conditions  using  sine  wave  input 
commands;  and  the  Jazzer  settings  were  calibrated  to  give  the  desired  time 
constants  and  magnification.  The  following  procedures  were  then  used  to 
conduct  the  test. 


1.  Set  nominal  scroll  actuator  position  and  jazzer  settings  as  re¬ 
quired  for  the  test. 

2.  Start  up  the  core  engines,  accelerate,  and  divert  to  the  fan  mode 
of  operation, 

3.  Accelerate  to  the  desired  core  engine  power  setting  of  95  or 
100  percent. 

4.  Adjust  the  sine  wave  generator  to  0.05  or  0.07  cycles  per 
second  and  set  the  lovel  and  amplitude  controls  to  the  desired 
value;  for  example,  a  level  of  80  percent  and  an  amplitude 

of  plus  or  minus  10  percent. 

5.  Set  the  Sanborn  recording  system  at  5  millimeter  per  second. 

6.  After  one  to  two  cycles  of  the  input  command  are  completed, 
increase  the  signal  generator  frequency  to  the  next  level. 

7.  Again  observe  one  or  two  cycles  of  control  input  and  repeat 
the  above  procedure  throughout  the  complete  frequency  range. 

The  signal  generator  is  set  up  so  that  when  frequency  is 
changed,  the  amplitude  and  level  values  will  remain  constant. 

8.  After  the  frequency  sweep  is  completed,  proceed  with  the  next 
frequency  sweep  or  shut  down  as  previously  described. 


« 
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Control  Response  With  Step  Inputa 


The  procedures  described  below  apply  to  that  part  of  the  test  program  where 
control  system  response  to  step  input  commands  was  obtained.  This  case 
applies  to  either  the  roll  control  mode,  out  of  phase,  or  the  height  control 
mode,  in  phase.  It  also  applies  to  tests  either  with  jazzer  or  withouc 
jazzer . 

1.  Set  nominal  scroll  actuator  position,  louver  angle,  phase  switch, 
and  Jazzer  settings  prior  to  starting  the  core  engines. 

2.  Start  the  engines  and  divert  to  the  fan  mode. 

3.  Accelerate  the  core  engine  to  tne  desired  power  and  stabilize. 


4.  Set  the  manual  control  to  the  desired  initial  level  of  scroll 
actuator  position.  Verify  that  phase  switch  snd  jazzer  settings 
are  at  the  required  level , 

5.  Set  the  step  level  control  to  the  desired  final  value  after 
stepping. 

6.  Set  the  Sanborn  recorder  speed  to  25  millimeters  per  second 
and  operate  the  step  switch.  After  the  transient  Is  completed, 
return  the  step  switch  to  the  initial  position. 

7.  Repeat  the  above  procedure  for  each  step  size  and  initial 
level  desired  and  shut  down  the  core  engine. 

Control  Response  With  Step  Inputs  of  Core  Engine  Power 

The  following  procedures  applv  to  the  tests  intended  to  show  the  response 
characteristics  when  the  core  engines  are  used  for  height  control.  The 
detailed  procedures  are  as  follows: 

1.  Set  the  desired  level  oi  scroll  actuntor  position. 

2.  Start  the  core  engines  and  divert  to  the  fan  mode  of  operation. 

3.  Accelerate  the  core  engines  to  the  desired  power  level,  for 
example, 98  percent . 

4.  Set  the  Sanborn  *,>eed  to  25  millimeters  per  second  and 
rapidly  advance  the  two  engine  throttles  to  maximum  as 
determined  by  engine  high-speed  setting  in  fuel  control. 


5.  Observe  transient  response.  Once  transient  is  complete, 
rapidly  retard  the  throttles  to  the  initial  position  snd 
observe  the  transient  response. 
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6.  Complete  the  above  tests  for  all  desired  levels  of  initial 
core  engine  power  and  scroll  actuator  position  and  shut  down 
according  to  normal  procedures. 
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DEMONSTRATION  TEST  RESULTS 


This  section  of  the  report  will  present  the  test  results  obtained  dur¬ 
ing  the  demonstration  of  the  LF2/VAS  fan  system.  A  summary  of  the  test 
runs  is  given  in  Table  IV  along  with  remarks  concerning  the  purpose  of 
each  series  of  tests  and  significant  configuration  changes. 

» 

The  data  will  be  separated  into  five  categories  as  listed  below: 

Core  engine  performance 

♦  Steady  state,  including  fan  system  performance,  scroll  and  dump  valve 
performance,  and  system  programming 

Dynamic  performance 

Performance  and  operation  of  the  static  structural  components, 
primarily  the  variable  area  scroll 

Performance  and  operation  of  the  rotating  structural  components,  the 
rotor  and  bearings 

CORE  ENGINE  PERFORMANCE 

The  fan  system  was  driven  by  the  discharge  flow  from  two  J85  engines 
operating  in  a  dry  turbojet  configuration.  Engine  1,  the  left-hand  engine, 
was  a  YJ85-GE-5  engine,  serial  number  230105.  Engine  2,  the  right-hand 
engine,  was  a  J85-GE-5A  engine,  serial  number  213233.  The  "Yj"  type 
engine  is  a  prototype  of  the  "j"  type  ;  the  main  difference  in  performance 
and  operation  is  the  maximum  exhaust  gas  temperature  rating.  The  "Yj"  is 
limited  to  a  maximum  temperature  of  665  degrees  centigrade,  and  the  "J" 
is  limited  to  685  degrees  centigrade. 

In  the  test  configuration,  engine  1  delivers  flow  to  the  forward  scroll 
section  of  the  fan.  Engine  2  delivers  flow  to  the  rear  scroll  section. 

The  fan  configuration  rotated  clockwise,  aft  looking  forward,  such  that 
flow  from  engine  1  was  the  first  to  impinge  on  the  fan  turbine  buckets 

•  during  rotation  of  the  fan. 

The  basic  performance  of  the  two  core  engines  was  obtained  for  the 
engines  operating  as  conventional  turbojets.  The  core  engine  flow  is 
discharged  through  the  diverter  valve  and  a  short  convergent  nozzie. 

Nozzle  area  variation  was  obtained  by  inserting  tabs  in  the  throat.  The 
maximum  nozzle  area  without  trim  tabs  was  120.8  square  inches.  The 
results  of  this  part  of  the  test  program  are  presented  ii.  Figures  94 
through  111.  All  performance  present:,  corrected  engine  parameters 
versus  corrected  core  engine  speed.  The  data  ari  presented  for  a  range 
of  nozzle  areas  between  117.8  and  120.8  square  inches  for  engine  1  and 
between  111.8  and  117.8  square  inches  for  engine  2. 
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Normal  variations  of  airflow,  fuel  flow,  turbine  discharge  pressure,  and 
exhaust  gas  temperature  for  engine  1  are  shown  in  Figures  94  through  96 
and  in  Figure  98.  Figure  97  presents  a  comparison  of  indicated  harness 
exhaust  gas  temperature  and  the  tailpipe  temperature  based  on  the  average 
of  the  32  tailpipe  thermocouples.  This  characteristic  for  engine  1  shows 
that  the  harness  indication  is  about  30  degrees  Rankine  higher  than  the 
average.  The  average  tailpipe  temperature  is  used  as  true  measured  tem¬ 
perature.  A  similar  comparison  of  temperature  indicated  on  the  engine  4 

control  panel  meter  with  the  average  tailpipe  temperature  is  given  in 
Figure  102.  This  figure  also  shows  an  error  of  about  40  degrees  Rankine. 

Figure  101  presents  the  average  tailpipe  temperature  as  a  function  of 

combustor  fuel  to  air  ratio.  Comparison  of  the  actual  test  data  with  * 

representative  predicted  performance  shows  excellent  agreement.  This 

result  verifies  that  the  average  tailpipe  temperature  as  measured  is  a 

true  exhaust  gas  temperature  measurement . 

Variations  of  corrected  measured  thrust  and  calculated  gas  horsepower  with 
both  speed  and  nozzle  area  are  shown  in  Figures  99  and  100.  At  a  rated 
exhaust  gas  temperature  of  1690  degrees  Rankine  or  665  degrees  centigrade, 
the  turbine  discharge  horsepower  for  engine  1  is  about  5000.  The  pre¬ 
dicted  horsepower  level  at  these  conditions  is  about  5450.  This  compari¬ 
son  indicates  the  deficiency  of  performance  experienced  in  this  engine 
and  consequently  its  inability  to  drive  the  test  fan  to  high  rotational 
speeds . 

Similar  performance  data  for  engine  2  are  shown  in  Figures  103  through 
112.  Errors  in  indicated  harness  temperature  of  between  20  and  50  degrees 
Fahrenheit  were  observed.  Measured  levels  of  gas  horsepower  at  rated  ex¬ 
haust  gas  temperature  were  about  5300  horsepower  as  compared  to  a  pre¬ 
dicted  level  of  5700  for  a  status  J85  engine.  Similar  to  engine  1,  this 
engine  also  exhibited  a  considerable  deficiency  in  the  available  horse¬ 
power  level . 

Figure  112  presents  the  variation  of  engine  measured  velocity  neads  in  the 
inlet  bellmouth  for  engine  2  with  a  long  cylindrical  bulletnose  and  with 
the  standard  short  engine  bulletnose.  With  the  long  bulletnose  installed, 
the  measurement  plane  for  determining  engine  airflow  is  a  constant  annular 
section.  This  configuration  provides  an  accurate  measure  of  engine  inlet  * 

flow  based  on  the  annulus  area  and  a  known  flow  coefficient.  For  the 
case  of  the  short  bulletnose  configuration,  considerable  flow  distortion 
exists  in  the  measurement  plane,  so  an  erroneous  velocity  head  used  in 
calculating  airflow  exists.  However,  using  the  long  bulletnose  as  a  „ 

standard,  a  correction  factor  can  be  obtained  for  the  short  bulletnose 
case.  This  correction  factor  was  obtained  and  used  in  the  airflow  cal¬ 
culations  as  described  in  the  Appendix.  This  type  of  correction  furor 
is  required  because  the  long  bulletnose  configuration  could  not  be  in¬ 
stalled  on  the  "YJ"  engine.  The  engine  bulletnose  attachment  is  not  com¬ 
patible  with  the  long  bulletnose  configuration. 
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STEADY-STATE  AERODYNAMIC  PERFORMANCE 


Fan  System  Performance 


Steady-state  fan  aerodynamic  performance  is  presented  at  three  different 
types  of  characteristics: 

total  fan  lift  versus  fan  speed 

fan  speed  vershs  available  horsepower 

total  fan  lift  versus  available  horsepower 

The  first  characteristic  is  a  direct  comparison  of  fan  performance  that 
is  affected  only  negligibly  by  the  fan  turbine  performance.  The  second 
and  third  types  of  characteristics  are  representative  of  the  complete 
system  efficiency,  including  both  the  fan  and  the  fan  turbine  effects. 

The  available  horsepower  used  in  the  presentation  is  simply  the  percent¬ 
age  of  the  total  core  engine  horsepower  being  directed  into  the  fan  turbine 
system. 

These  characteristics  are  presented  in  Figures  113  through  167  and  include 
a  number  of  configuration  and  test  variables.  The  configurations  compara¬ 
ble  to  previously  tested  LF2  and  X353-5B  fans  are  represented  by  runs  7 
and  9  for  maximum  open  scroll  area,  equivalent  to  a  scroll  actuator  posi¬ 
tion,  6g,  of  110  percent.  Comparison  of  run  7  and  run  9  performance  shown 
in  Figures  113  through  118  will  also  indicate  the  effect  of  adding  stator 
stiffener  rings. 

Figures  119  through  121  show  run  17  performance  indicating  the  lift  cor¬ 
rection  for  bleed  nozzles  and  representing  the  base  performance  level  at 
a  scroll  actuator  position  of  80  percent.  High  turbine  bucket  stress 
levels  established  the  80  percent  limit.  Effects  of  scroll  actuator 
position  on  turbine  bucket  stress  levels  are  described  in  detail  in  the 
section  on  discussion  of  turbine  bucket  stresses. 

A  sequence  of  configuration  changes  was  investigated  at  80-percent  scroll 
actuator  position  to  determine  incremental  fan  performance  changes.  The 
first  change  was  to  cover  the  slip  ring  cavity  in  the  rear  frame  dishpan, 
and  the  resulting  performance  is  presented  in  Figures  122  through  124. 
Figures  125  through  127  represent  performance  with  slip  ring  cavity 
covered  and  with  space  around  blade  tip  tangs  covered.  The  tape  used  to 
cover  the  tip  tangs  did  not  remain  in  place  as  well  as  expected  and  was 
removed  after  the  run.  The  cover  on  the  slip  ring  cavity  remained  in 
place  for  all  succeeding  configurations. 

For  the  next  run,  the  3  to  6  o'clock  inlet  vane  quadrant  was  raised  0.5 
inch  and  rotated  4  degrees  open;  see  Figures  128  through  130.  The  con¬ 
figuration  was  the  same  as  above;  the  exit  louvers  removed,  the  stator 
stiffener  rings  were  installed,  and  the  slip  ring  cavity  was  covered. 
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The  performance  of  this  configuration  at  80-percent  scroll  actuator  posi¬ 
tion  and  at  maximum  engine  power  with  variable  scroll  actuator  position 
is  presented  in  Figures  131  through  133.  The  change  due  to  removal  of  the 
inlet  vane  is  indicated  in  Figures  134  through  136.  Removal  of  the  inlet 
vane  resulted  in  very  poor  fan  performance  and  high  blade  vibratory  stres¬ 
ses,  limiting  maximum  fan  speed  obtained  to  approximately  1750  revolutions 
per  minute.  The  inlet  vane  was  again  installed  before  proceeding  with 
further  testing.  It  was  still  in  the  raised  position  but  not  rotated  « 

4  degrees  open  as  before.  Figures  137  through  142  show  the  performance 
of  the  two  succeeding  configurations  with  the  improved  forward  air  seal 
and  with  stator  stiffener  rings  removed.  Fan  characteristics  for  both 
constant  scroll  area,  6g  of  80  percent,  and  variable  scroll  area  at  maxi¬ 
mum  engine  power  were  investigated.  * 

Figures  143  through  167  represent  fan  performance  characteristics  with 
variable  area  scroll.  The  initial  calibration  of  scroll  position  versus 
dump  valve  position  was  determined  from  runs  10  and  11,  Figures  143 
through  145.  These  data  were  generated  by  manually  positioning  the  scroll 
actuator  and  then  positioning  the  dump  system  for  rated  engine  exhaust 
gas  temperature.  The  specific  program  derived  from  this  data  will  be  dis¬ 
cussed  later  in  this  section  of  the  report.  During  the  variable  area 
scroll  transient  investigations  with  sinusoidal  input,  data  points  were 
taken  at  the  base  setting  before  each  transient  and  are  presented  ii 
Figures  146  through  148. 

Due  to  a.  failure  of  a  dump  valve  position  potentiometer,  the  variable 
area  system  had  to  be  reprogrammed.  Figures  149  through  151  show  the  fan 
characteristics  with  variable  area  at  two  engine  power  settings  after  re¬ 
programming  was  accomplished. 

Fan  performance  with  variable  exit  louver  angle  and  variable  scroll  actu¬ 
ator  position  is  described  in  Figures  149  through  167.  Horizontal  thrust 
versus  available  horsepower  characteristics  are  also  included. 

Programming  of  Scroll  and  Dump  Valve  System 

During  the  early  phases  of  the  test  program,  a  series  of  specific  tests 
was  conducted  to  determine  the  relative  positions  of  the  scroll  actuator 
and  dump  valves  as  required  to  maintain  constant  engine  operating  condi-  • 

tions.  The  test  procedures  have  already  been  presented.  During  the 
first  attempt  to  run  these  tests,  when  the  scroll  actuator  was  closed  to 
about  70  to  80  percent  of  the  stroke,  it  became  apparent  that  the  over¬ 
board  dump  system  could  not  handle  all  of  the  overboard  flow.  This  prob- 
lem  was  primarily  the  result  of  the  poor  performance  exhibited  by  the  two 
core  engines.  Both  engines  required  excessive  discharge  area  to  maintain 
rated  exhaust  gas  temperature.  This  excess  area  must  be  accounted  for  by 
the  dump  valve  system  and,  therefore,  must  be  added  to  the  discharge  area 
deficiency.  The  solution  to  this  problem  was  to  install  bleed  nozzles  on 
the  legs  of  the  cross  ducts  normally  supplying  flow  to  the  pitch  fan  in 
the  XV-5A  installation.  The  area  of  the  bleed  nozzles  selected  for  the 
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remainder  of  the  running  was  18.7  square  inches  for  engine  1  and  12.7 
square  inches  for  engine  2. 

The  tests  were  then  pe- formed  with  the  bleed  nozzles  installed,  and  the 
results  are  shown  in  Figure  168  for  engine  power  settings  of  100-  and  95- 
percent  speed.  The  actual  test  data  and  data  corrected  for  the  small 
inconsistencies  in  setting  the  same  exhaust  gas  temperature  are  shown  on 
the  figure.  Both  engine  power  settings  exhibit  similar  characteristics, 
and  the  higher  power  setting  shows  the  need  of  a  more  open  dump  valve 
setting.  This  difference  is  the  result  of  selecting  a  base  exhaust  gas 
temperature  higher  than  the  normal  operating  conditions  of  the  engines 
at  the  95-percent  power  level .  The  100-percent  curve  was  therefore  used 
to  establish  the  analog  program  requirements.  These  data  also  established 
the  range  of  scroll  and  dump  valve  operation.  The  scroll  actuator  range 
was  from  0.4  to  4,15  inches.  This  represents  a  scroll 'actuator  stroke  of 
3.75  inches  for  100-percent  scroll  actuator  position.  The  range  of  dump 
valve  operation  ranges  was  between  21  and  38  degrees  from  the  full-open 
position . 

A  second  problem  occurred  in  the  dump  valve  system  after  test  run  14. 
During  checkout  between  test  runs,  if.  was  observed  that  the  position  and 
feedback  potentiometer  for  the  overboard  dump  valve  had  failed.  A  new 
potentiometer  was  installed  and  the  system  recalibrated.  Because  of 
inaccuracies  in  setting  the  position  potentiometer  and  programming  the 
analog  circuits,  two  different  dump  valve  to  scroll  actuator  programs 
existed.  These  are  shown  in  Figures  169.  The  figure  shows  the  definition 
of  scroll  actuator  position  as  a  percent  of  stroke  in  terms  of  true  actua¬ 
tor  position,  or  inches  from  full  retracted.  For  the  program  applicable 
for  runs  9  through  14,  the  dump  valve  was  more  closed  than  for  a  similar 
condition  after  run  14. 

The  performance  of  the  engine  systems  when  subjected  to  the  above  de¬ 
scribed  programs  is  shown  in  Figures  170  through  179.  Figures  170  and 
171  show  the  percentage  of  core  engine  flow  supplied  to  the  test  fan  as 
a  function  of  scroll  actuator  position.  For  the  final  rigging  condition, 
a  smaller  percentage  of  the  total  engine  flow  is  delivered  to  the  fan 
system  at  a  given  scroll  position.  This  is  the  result  of  the  dump  valve 
being  more  open  for  the  second  test  setup. 

Typical  variations  of  the  significant  engine  performance  parameters  with 
scroll  position  are  shown  in  Figures  172  through  175  for  the  initial 
rigging  setup,  and  in  Figures  176  through  179  for  the  final  system  rigging 
It  is  apparent  from  the  figures  that  the  final  rigging  yielded  more  con¬ 
sistent  engine  operation  throughout  the  complete  range  of  scroll  actuator 
position.  Variation  of  engine  2  operating  conditions  is  apparent.  This 
condition  existed  because  engine  1  was  selocted  as  the  master  engine,  be¬ 
ing  a  YJ  engine  with  a  severe  exhaust  gas  temperature  limit,  and  engine  2 
was  allowed  to  drift  around  the  operating  point,  since  it  wss  a  J-type 
engine  with  c  much  higher  temperature  limit. 
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Variable  Area  Scroll  Losses  and  Effective  Area 

The  effective  area  of  the  variable  area  scroll  turbine  nozzles  can  be 
obtained  quite  easily  for  choked  flow  conditions  by  using  the  calculated 
values  of  scroll  gas  flow,  temperature,  and  total  pressure.  This  calcu¬ 
lated  parameter,  commonly  referred  to  as  flow  function,  is  shown  in  Fig¬ 
ure  180  for  the  two  halves  of  the  scroll.  This  flow  function  is  based  on 
the  turbine  discharge  pressure  rather  than  the  scroll  total  pressure.  In 
order  to  convert  this  parameter  to  effective  area  terms,  the  scroll  total 
pressure  was  measured  using  static  pressure  taps  locate  in  the  extreme 
ends  of  the  scrolls  as  shown  in  Figure  76. 

This  pressure  probe  will  indicate  scroll  duct  total  pressure  when  the 
outer  ends  of  the  scroll  nozzles  are  closed  down.  This  occurs  at  or  at 
less  than  80  percent  of  actuator  stroke.  The  level  of  this  pressure,  pre¬ 
sented  as  a  loss  coefficient,  is  shown  in  Figure  181.  The  data  show  that 
the  scroll  losses  are  constant  for  a  range  of  scroll  actuator  positions 
from  full  closed  to  about  80  percent.  Above  80  percent,  the  loss  coefi- 
cient  appears  to  increase  rapidly.  This  increase  is  not  a  loss  but  a 
result  of  the  pressure  probe  indicating  static  rather  than  total  pressure. 
It  can  therefore  be  concluded  from  this  result  that  the  scroll  loss  coef¬ 
ficient  for  this  configuration  is  constant  throughout  the  complete  range 
from  full  open  to  full  closed. 

Figure  182  presents  the  variation  of  these  same  coefficients  with  scroll 
flow  function.  Again  at  high  scroll  openings,  the  pressure  coefficient 
is  high  because  of  erroneous  indications  of  the  pressure  sensor. 

Assuming  that  the  scroll  loss  coefficients  are  constant  at  the  value  shown 
in  Figures  181  and  182,  and  using  the  flow  function  shown  in  Figure  180,  an 
effective  area  of  the  scroll  can  be  calculated.  The  results  of  this  cal¬ 
culation  are  shown  in  Figure  183.  The  effective  areas  of  both  halves  of 
the  scroll  are  presented  as  a  function  of  scroll  actuator  position. 

Overboard  Dump  System  Losses  and  Effective  Area 

The  overboard  dump  systera  in  this  installation  simulates  the  other  wing 
fan  system  by  using  extension  ducts  and  controllable  butterfly  valve 
systems.  Therefore,  similar  losses  and  area  variations  as  presented  for 
the  scroll  system  are  of  interest. 

Variation  of  the  loss  coefficient  in  the  overboard  duct  system  with  flow 
function  is  shown  in  Figure  184.  The  loss  coefficient  is  based  on  total 
measurements  in  the  overboard  bleed  duct  system  just  upstream  of  the 
butterfly  or  dump  valves.  An  additional  curve  is  shown  representing  the 
estimated  friction  losses  in  the  straight  pipe  section  of  the  bleed  duct 
system.  The  significance  of  this  estimate  will  be  discussed  in  future 
analysis  of  the  test  data. 
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Figure  185  presents  the  variation  of  dump  valve  effective  area  with  dump 
valve  position.  The  area  for  the  valves  of  both  engine  1  and  engine  2 
are  shown.  Since  dump  valve  1  is  the  master  valve,  and  its  position  is 
the  only  one  measured,  the  differences  in  level  of  the  two  valves  may 
be  because  of  slight  differences  in  setting  of  the  valve  doors  relative 
to  one  another. 

Scroll  Actuator  Forces 

Early  in  the  program  it  became  apparent  that  the  forces  required  to 
actuate  the  scroll  mechanism  were  very  low  and  could  not  be  measured  using 
the  strain  gr.ge  installed  on  the  actuator  bracket  (Figure  85).  In  place 
of  this  measurement,  the  pressure  difference  across  the  scroll  actuator 
piston  was  measured.  The  hydraulic  pressure  gages  were  located  outside 
the  control  room  near  the  fan  and  were  photographed  by  a  movie  camera 
during  an  acceleration  of  the  fan  and  an  excursion  of  the  scroll  actuator 
at  maximum  power  levels. 

Using  these  pressure  measurements  and  the  actuator  piston  areas,  rod  end 
and  back-side  end,  the  actuator  force  was  obtained  and  is  shown  in  Fig¬ 
ure  186.  The  data  in  the  upper  figuri  are  shown  for  the  condition  when 
the  actuator  is  being  moved  slowly  at  a  nearly  constant  rate.  The  lower 
figure  shows  the  force  that  existed  when  the  actuator  was  stationary  or 
static. 

The  data  show  the  following  types  of  forces : 

o  During  motion,  the  force  of  the  mechanism  opposes  the  motion. 

This  may  be  actuator  as  well  as  mechanism  friction.  The 
difference  between  the  moving  and  static  force  is  about 
200  pounds. 

o  In  the  static  condition  there  is  a  reversal  of  force  at  the 
full-closed  position.  With  the  actuator  extended,  as  the 
motion  is  towards  the  retracted  condition,  the  static  force 
tends  to  extend  the  actuator.  With  the  actuator  retracted, 
as  the  motion  is  towards  the  extended  position,  the  force 
tends  to  retract  the  actuator.  This  tends  to  indicate  some 
type  of  hysteresis  in  the  vane  aerodynamic  forces.  The 
reasons  for  these  forces  are  not  known,  but  in  all  cases 
the  forces  did  not  exceed  200  pounds. 

DYNAMIC  PERFORMANCE 


The  results  of  that  phase  of  the  test  program  directed  towards  obtaining 
the  dynamic  performance  characteristics  of  the  LF2/VAS  system  are  presented 
in  the  following  section.  The  system  was  tested  at  conditions  representa¬ 
tive  of  the  three  types  of  control  modulation  as  previously  described  in 
detail : 
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fan  variable  area  for  roll  control 


fan  variable  area  for  height  control 

variable  engine  power  for  height  control 

The  dynamic  response  of  the  system  was  determined  by  observing  the  re¬ 
sponse  of  both  fan  speed  and  total  thrust  to  a  particular  type  of  input 
command.  In  order  to  provide  these  types  of  dynamic  measurements,  the 
response  rates  of  the  instrumentation  system  may  be  significant.  In 
order  to  record  a  response  rate  of  a  system  with  a  time  constant  of  about 
0.3  to  0.6,  as  is  the  case  of  the  LF2/VA8  system,  a  recording  system  with 
a  time  constant  of  less  than  one-tenth  of  the  system  is  necessary.  There¬ 
fore,  a  time  constant  of  less  than  0.03  second  is  required  for  the  partic¬ 
ular  measuring  system.  The  Sanborn  recording  system  has  a  very  low  time 
constant  of  about  0.002  second.  The  fan  speed  signal  is  obtained  by  con¬ 
verting  the  output  of  the  fan  speed  pickup,  60  cycles  per  revolution,  to 
a  direct  current  level.  The  time  constant  of  this  system  was  checked  and 
found  to  be  less  than  the  Sanborn  recorder  used  for  presenting  the  para¬ 
meters  . 

The  performance  of  the  thrust  measuring  system  presents  another  situation. 
The  load  cell  system  is  a  hydraulic  circuit  with  the  force  readout  on  a 
Bourdon  tube  gage.  In  parallel  with  this  gage,  a  pressure  transducer 
was  installed  and  used  to  drive  the  Sanborn  recorder.  A  check  of  the 
response  rate  of  this  load  cell  system  to  a  step  input  of  about  150  pounds, 
showed  the  characteristics  given  in  Figure  187,  These  data  yield  a  time 
constant  of  about  0.47  second  for  both  of  the  major  load  cells.  This  time 
constant  is  definitely  too  long  for  measuring  transient  variations  of 
thrust.  This  long  time  constant  is  probably  caused  by  the  volumetric  dis¬ 
placement  of  the  Bourdon  tube  gages. 

This  long  time  constant  for  the  lift  measuring  is  not  acceptable  for  deter¬ 
mining  the  dynamic  performance  of  the  system.  However,  later  in  the 
analysis,  a  correction  for  ^his  effect  will  be  applied  to  the  thrust  data. 
The  following  discussion  of  teat  results  will  therefore  be  primarily  con¬ 
cerned  with  fan  speed  measurements.  Thrust  measurements  were  reduced  for 
the  tests  with  Jazzer  only. 


Roll  Control  Response  With  Sinusoidal  Input 


Demonstration  of  the  response  of  the  fan  system  was  obtained  by  exciting 
the  scroll  actuator  with  a  sinusoidal  input.  The  teata  were  performed  at 
average  scroll  actuator  positions  between  20  and  80  percent.  Effects  of 
sinusoidal  amplitude  were  obtained  at  average  scroll  actuator  position  of 
bO  and  10  percent.  These  tests  were  performed  at  core  engine  power  settings 
of  95  and  100  percent.  The  test  results  are  presented  in  Figures  189 
through  202  in  the  form  of  phase  shift-attenuation  diagrams. 
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Figure  188  shows  a  typical  Sanborn  record  as  taken  during  the  testing. 

This  record  shows  the  variation  of  the  sinusoidal  input  command  with  time. 
The  scroll  and  dump  valve  positions  are  recorded  and  follow  the  Input 
command.  The  scroll  actuator  is  in  phase  and  the  dump  valve  out  of  phase 
with  the  input.  This  in-phase/out-of-phase  condition  is  required  for 
roll  control  so  that  constant  engine  operating  conditions  are  maintained. 
The  fan  speed  and  thrust  levels  as  shown  exhibit  a  phase  lag  and  attenua¬ 
tion  indicative  of  the  fan  response  characteristics. 

Figures  189  through  195  represent  the  data  obtained  at  engine  power  set¬ 
ting  of  95  percent.  Figures  196  through  202  are  for  a  100- percent  power 
level.  Each  performance  characteristic  shows  an  increase  in  phase  lag 
and  attenuation  as  the  impressed  frequency  is  increased.  The  20-decibel- 
per-decade  asymptote,  as  previously  described,  is  also  shown  as  a  dashed 
line.  The  intersection  of  this  asymptote  with  the  zero  decibel  line 
occurs  at  frequencies  of  around  0.3  to  0.4  cycle  per  second.  A  discussion 
of  this  frequency  intercept  and  the  associated  time  constants  will  follow 
in  the  analysis  of  test  results  beginning  at  page  71. 

Roll  Control  Response  With  Jazzer  and  Sinusoidal  Inputs 

A  certain  part  of  the  program  was  performed  to  demonstrate  the  frequency 
response  characteristic  of  the  fan  adieu  a  jazzer  system  was  inserted  in 
the  input  channels.  Hie  Jazzer  configuration  was  set  such  that  the 
expression  (m  +  1)  r.  is  a  constant  equal  to  0.62.  The  reason  for  assuming 
this  equality  will  be  discussed  later  in  the  analysis  section. 

Using  this  equality  for  m  equal  to  1,  the  jazzer  time  constant  was  0.31; 
for  m  equal  to  3,  was  equal  to  0.155.  For  these  two  values  of  jazzer 
setting,  the  steady-state  frequency  response  of  the  jazzer  systems  can 
be  written  as  follows: 

Output 
Input 

for  m  ■  1,  t .  ■  0.31 
J 

Output 
Input 

for  m  ■  3,  t  *  0.155 

w 

Output 
Input 


1  +  jw  (m  +  1)  t  T 
1  + 


1  +  ju>  (0.62) 
1  +  jw  (0.31) 


1  +  Jtr  (0.62) 
1  +  ja  (0.15) 
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Then  the  asymptotes  of  the  response  characteristics  are  as  follows: 


for  small  values  of  u> 

0utPut  =  i  o 

Input 

for  large  values  of  u) 

Output  =  (m  +  1) 

Input 

The  results  of  this  series  of  tests  are  presented  in  Figures  203  through 
212.  Figure  203  presents  a  typical  Sanborn  recording  taken  during  the 

test.  The  input  command  is  shown  to  be  at  a  constant  level  and  a  constant 

amplitude;  only  the  frequency  of  the  command  is  changing.  The  Jazzer  out¬ 
put  level  remains  constant,  but  as  frequency  is  increased,  the  amplitude 
increases.  The  level  approaches  a  two-to-one  ratio  at  the  high  frequency 
range  of  input.  This  is  representative  of  a  Jazzer  setting  of  m  equal  to 
1  or  m  +  1  equal  to  2,  as  described  above.  The  response  of  the  fan  speed 

and  thrust  to  these  commands  shows  the  characteristic  phase  lag  and  atten¬ 

uation  levels  as  the  Impressed  frequency  is  increase  , 

The  resulting  attenuation  and  phase  shift  of  the  jazzer  output,  of  fan 
speed,  and  of  total  lift  were  obtained  from  this  type  of  Sanborn  record. 
The  results  were  then  presented  as  a  function  of  impressed  frequency  as 
shown  in  Figures  204  through  212.  For  each  test  configuration,  three 
separate  characteristics  are  shown.  The  first  curve  of  each  series  pre¬ 
sents  the  response  characteristics  of  the  jazzer  system.  The  measured 
response  of  the  jazzer  is  shown  and  compared  to  the  theoretical  response 
characteristic.  Agi  •eement  of  the  actual  jazzer  and  the  desired  perform¬ 
ance  is  very  good. 

The  second  curve  of  each  series  shows  the  fan  response  based  on  the  fan 
speed  measurements.  These  characteristics  present  tlie  attenuation  and 
phase  shift  based  on  the  reference  levels  of  the  input  command,  not  the 
jazzer  output.  For  the  tests  with  jazzer,  the  thrust  response  of  the 
fan  system  is  also  shown.  A  phase  shift  and  an  attenuation  much  larger 
than  obtained  using  fun  speed  are  apparent.  Part  of  this  difference  la 
probably  due  to  the  long  time  constant  and  consequently  poor  response  of 
the  thrust  measuring  system.  This  effect  will  be  discussed  later  in  the 
analysis  sections. 

Roll  Control  Response  to  Step  Inputs 

Transient  performance  of  a  system  may  be  obtained  by  providing  sinusoidal 
input,  commands  or  by  inserting  step  changes  of  input  levels  and  observing 
the  regponse  rates.  These  results  for  sinusoidal  Inputs  have  been  pre¬ 
sented.  This  section  will  present  the  U'*-t  result;*  for  tiie  step  type  of 
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Input  command,  both  with  and  without  the  jazzer  system.  The  test  results 
are  shown  In  Figures  213  through  218. 

Figures  213  and  214  show  typical  Sanborn  records  obtained  during  the  tests 
with  step  Inputs.  Figure  213  Is  a  test  ct  idition  without  the  jazzer.  The 
input  command  record  shows  a  step  input  20  percer*  towards  the  open  posi¬ 
tion.  The  response  of  the  scroll  ar.d  dump  valve  actuators  to  this  command 
>  shows  out-of-phase  operation.  At  the  Instant  of  the  step  command,  both 

the  dump  and  scroll  actuators  undergo  maximum  slew  rates  to  achieve  the 
new  commanded  position.  The  fan  speed  and  thrust  records  show  the  tran¬ 
sient  response  of  the  fan  during  the  interval  following  the  step  input. 

I  Figure  214  shows  a  similar  test  condition  with  the  jazzer  in  the  system. 

The  jazzer  oitput  shows  a  typical  response  as  expected  for  a  jazzer  m  of 
one.  At  the  Initial  instant  after  the  step  input  command,  the  jazzer 
output  level  reaches  two  times  the  command  and  then  goes  through  an  expo¬ 
nential  wcshout  in  about  1.5  seconds.  The  response  of  the  scroll  and 
dump  valve  systems  follows  the  jazzer  input  command;  the  difference  in 
response  is  caused  by  the  slew  rate  limit  of  the  actuator  systems.  The 
transient  of  fan  =peed  and  thrust  occurs  immediately  after  the  step  input 
command,  with  rates  of  change  much  more  rapid  than  shown  for  the  case 
without  the  jazzer  in  Figure  213. 

The  test  results  obtained  during  step  inputs  of  roll  control  are  shown  in 
Figures  215  through  217.  The  transient  performance  is  presented  as  the 
variation  of  fan  time  constant  based  on  fan  speed  and  as  a  function  of 
initial  scroll  position,  size  of  step  command,  jazzer  m  setting,  and  core 
engine  power  level. 

Figure  215  shows  the  measured  time  constants  at  a  core  engine  power  level 
of  95  percent.  The  lower  curve  of  Figure  216  is  similar  performance  at  a 
core  engine  power  level  of  100  percent.  Both  of  these  sets  of  data  were 
for  the  case  without  the  jazzer.  The  two  upper  curves  in  Figure  216 
show  the  effects  of  jazzer  at  a  power  setting  of  100  percent. 

Figure  217  shows  the  results  of  the  same  tests  as  shown  in  Figure  216. 

The  difference  in  the  two  figures  is  the  method  used  to  determine  the 
time  constants  from  the  test  data.  As  previously  discussed,  the  time 
*  constant  for  a  first-order  transient  system  may  be  defined  in  two  dif¬ 

ferent  wnys.  Figure  216  used  the  definition  based  on  63  percent  of  the 
change,  while  Figure  217  used  the  initial  slrpe  definition.  There  is  a 
slight  deference  in  the  results  shown,  the  data  in  Figure  217  showing 
a  higher  tr  longer  time  constant. 

Figvre  218  is  presented  to  show  the  effects  of  actuator  maximum  sle-v  rates 
on  the  overshoot  levels  of  the  jazzer  system.  The  jazzer  system  commands 
an  overshoot  of  both  the  scroll  and  dump  valve  actuators  at  the  .nsunt 
the  step  command  Is  Initiated.  This  overshoot  level  varies  directly  as 
the  jazzer  a  setting.  Because  of  slew  rate  limitations,  the*  actuator 
never  really  achieves  the  ccaoaanded  level  as  was  previously  shown  In 
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Figure  6.  The  data  shown  in  Figure  218  show  this  effect.  It  is  apparent 
that  there  will  be  a  reduced  effectiveness  of  the  jazzer  for  large  values 
of  magnification.  The  actual  overshoot  as  demonstrated  is  considerably 
less  than  the  level  commanded  by  the  jazzer.  This  condition  will  be  dis¬ 
cussed  later  ^.n  the  analysis  section  of  the  report. 

Height  Control  Using  Fan  Area 

Tests  were  performed  to  determine  the  fan  response  during  conditions  simu¬ 
lating  height  control  using  fan  area  changes.  The  electronic  systems  of 
the  actuator  control  system  dictated  that  these  tests  were  to  be  performed 
at  a  scroll  area  setting  of  50  percent  and  larger.  For  height  control, 
the  dump  and  scroll  actuators  must  operate  in  the  in-phase  mode.  To 
accomplish  this,  a  typical  area  change  would  be  from  65-percent  to  50-per¬ 
cent  conditions;  the  total  effective  area  of  the  dump  and  scroll  systems 
will  be  larger  than  required  for  the  core  engines.  Therefore,  the  engines 
will  be  operating  at  a  reduced  temperature  and  horsepower  level.  As  the 
area  is  closed  down  to  the  50-percent  condition,  the  design  area  for  the 
engines  will  exist  and  the  engine  exhaust  gas  temperature  will  return  to 
the  rated  condition.  Rated  exhaust  gas  temperature  conditions  represent 
a  higher  horsepower  level  of  the  core  engine  and  therefore  an  increased 
fan  speed  and  lift. 

A  typical  set  of  Sanborn  records  showing  both  the  fan  and  engine  perform¬ 
ance  for  this  type  of  control  input  is  shown  in  Figure  219.  The  changes 
in  core  engine  operating  conditions  due  to  the  area  change  as  well  as  the 
fan  transient  are  presented. 

Figure  220  presents  a  summary  of  the  fan  time  constant  representative  of 
this  type  of  control.  The  fan  time  constants  are  shown  for  two  power 
settings  of  the  core  engine . 

Height  Control  Psing  Engine  Power 

A  second  method  of  providing  for  height  control  makes  use  of  modulation 
of  lift  by  varying  the  power  level  of  the  core  engine.  During  this  pro¬ 
gram,  numerous  tests  were  performed  to  demonstrate  this  type  of  control. 

A  typical  Sanborn  record  of  this  type  of  transient  is  shewn  in  Figure  221. 
The  basic  input  command  for  this  type  of  transient  response  is  a  step  in¬ 
put  of  the  engine  throttle  as  shown  on  the  records.  Immediately  following 
the  step  input  of  throttle,  the  engine  begins  to  accelerate  at  the  maximum 
rate  as  established  by  the  fuel  control  of  the  engine,  and  achieves  tve 
final  engine  power  levels  as  determined  by  throttle  position.  These 
engine  transients  are  shown  in  the  figure.  Attendant  with  the  engine 
power  change,  a  change  in  fan  speed  occurs  as  shown.  This  change  in  fen 
speed  then  produces  a  change  in  lift  simulating  this  type  of  height  con¬ 
trol.  The  transient  performance  is  determined  by  the  time  constant  of 
the  fan  speed  change. 
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The  preceding  tests  were  performed  for  a  range  of  fan  speed  changes  and  a 
series  of  scroll  areas.  The  resulting  time  constants  are  shown  in  Fig¬ 
ures  222  through  224.  Transient  fan  speed  changes  between  2  and  10  per¬ 
cent  are  shown. 

AERODYNAMIC  TEMPERATURE  AND  PRESSURE  DISTRIBUTIONS 


*  The  fan  system  temperature  and  pressure  distributions  are  shown  in  Figures 
225  through  236.  Typical  fan  inlet  screen  temperature  distribution  is 
shown  in  Figure  225.  Figure  226  shows  the  high  re ingestion  region  experi¬ 
enced  during  initial  fan  running  when  excessive  diverter  valve  leakage  was 
present. 

♦ 

Fan  pressure  distributions  are  presented  in  the  form  of  flow  coefficients 
and  pressure  coefficients  in  Figures  227  through  236.  These  are  typical 
distributions  presented  for  the  highest  speed  point  of  each  fan  config¬ 
uration  tested.  Fan  inlet  static  pressures  and  fan  bulletnose  static 
pressures  are  presented  as  flow  coefficients.  The  bulletnose  statics 
were  measured  in  only  one  axial  plane  and  are  shown  in  the  quadrant  desig¬ 
nated  rake  D.  Rotor  discharge  total  pressures  and  hub  or  dishpan  static 
pressures  are  presented  as  pressure  coefficients.  As  noted  earlier,  hub 
statics  were  measured  above  and  below  the  rear  frame  dishpan  and  the  ones 
presented  here  for  rake  D  are  above  the  dishpan  in  the  plane  of  the  rotor 
discharge  elements.  The  location  of  the  inlet  vane  is  easily  identified 
by  the  discontinuity  of  the  flow  coefficient  characteristic  near  the  fan 
tip.  For  each  configuration,  an  average  flow  and  pressure  coefficient 
characteristic  is  presented  along  with  the  indicated  overall  area  weighted 
average  values . 

Temperature  and  pressure  distributions  for  engine  and  dump  system  measur¬ 
ing  stations  are  presented  in  Figures  237  through  246.  Figure  237  indicates 
typical  engine  inlet  temperature  measurements  with  a  variation  of  approx¬ 
imately  1  degree  Fahrenheit,  Engine  inlet  pressures  are  shown  in  Figure 
238,  giving  average  static  pressure  level  along  with  the  total  pressure 
profile  as  determined  from  the  two  5-element  boundary  layer  rakes.  The 
total  variation  in  engine  turbine  discharge  total  pressures  was  4  pounds 
per  square  inch  for  engine  1  (Figure  239)  and  1  pound  per  square  inch  for 
engine  2  (Figure  240).  Tailpipe  temperature  profile,  shown  in  Figures  241 

*  and  242,  shows  a  total  spread  of  100  degrees  Fahrenheit  for  engine  1  versus 

140  degrees  Fahrenheit  for  engine  2.  However,  engine  2  exhibits  a  much 
more  uniform  circumferential  profile  for  a  given  immersion  depth  as  indi¬ 
cated  by  co-stant  rake  element  location.  The  temperature  profiles  of  the 
dump  system,  Figures  243  and  244,  and  engine  tailpipe  are  similar  in  that 
the  circumferential  profile  for  a  given  immersion  depth  is  more  uniform 
for  the  dump  supplied  by  engine  2.  The  total  variation  in  measured  tem¬ 
peratures  is  approximately  25  degrees  for  both  dump  systems.  The  dump 
system  pressure  profiles  shown  in  Figures  245  and  246  are  similar  and  are 
reasonably  uniform. 

The  observed  vibrntion  characteristics  of  the  engine  and  the  fan  are  pre- 
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sented  in  Figures  247  through  250.  The  maximum  indicated  vibration  level 
was  2  mils  for  engine  1  and  0.7  mil  for  engine  2  (Figures  247  and  248). 
Figure  249  shows  average  fan  vibration  levels  as  recorded  from  the  panel 
meters.  Bulletnose  axial  vibration  levels  were  also  recorded  on  the  Snn- 
born  charts,  and  the  comparison  (Figure  250),  shows  consistently  higher 
levels  than  the  panel-meter  readings. 

STATIC  STRUCTURAL  COMPONENT  PERFORMANCE 

The  following  discussion  will  present  static  component  performance  as 
observed  during  conduct  of  the  test  by  monitoring  critical  component 
structural  temperatures  and  by  the  results  of  post-test  inspections. 

Component  Temperatures 

During  conduct  of  the  test,  the  temperatures  at  certain  critical  locations 
in  the  static  structural  components  were  monitored  and  recorded  on  Speed- 
O-Max  type  temperature  recorders.  The  location  of  these  temperature  sen¬ 
sors  has  previously  been  discussed  in  the  instrumentation  section  of  this 
report  and  are  shown  in  Figures  82  through  85. 

A  typical  set  of  time  histories  of  these  component  temperatures  is  pre¬ 
sented  in  Figures  251  through  255.  The  temperatures  are  shown  for  a 
typical  performance  run  where  the  core  engines  were  started,  the  diverter 
valves  operated  to  the  fan  mode,  and  the  fan  accelerated  to  the  maximum 
power  setting  of  the  engines.  Data  points  were  then  taken  at  four  fan 
speeds  between  maximum  and  1900  revolutions  per  minute.  The  system  was 
then  shut  down  after  abuul  25  minutes  ox  operation.  The  timing  of  the 
significant  events  of  the  test  is  given  at  the  top  of  Figure  251. 

Maximum  structural  component  temperatures  observed  during  the  run  were  as 
follows : 

scroll  actuation  slide  bracket  -  540°F 

scroll  actuator  body  temperature  -  220°F 

front  frame  flange  temperature  -  410°F 

front  frame  tube  temperature - —  380° F 

front  frame  strut  temperature  -  340°F 

The  temperatures  as  presented  above  are  with  a  cooling  air  system.  The 
cooling  air  system  consisted  of  12  air  nozzles  spaced  around  the  active 
arc  of  the  fan.  These  nozzles  directed  cooling  air  flow  at  the  critical 
components  of  the  front  frame  structure  that  were  temperature  limited. 

A  total  cooling  flow  rate  of  about  0.2  pounds  per  second  was  provided  by 
this  system.  For  a  short  time  (about  10  minutes)  during  the  first  run 
(run  5),  the  system  was  operated  with  no  cooling  air.  This  cooling  system 
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was  required  to  maintain  the  front  fan  components  within  the  established 
400-degree-Fahrenheit  limit.  The  VAS  mechanism  is  not  temperature  limit¬ 
ing  because  materials  used  in  design  are  capable  of  operating  at  engine 
exhaust  gas  temperature . 

Post-Test  Inspections 


All  post-test  i  spections  except  the  one  after  run  16  failed  to  show  any 
discrepancies  jf  the  static  structural  component.  A  description  of  the 
test  events  that  occurred  prior  to  shutdown  after  run  16  is  as  follows. 

Test  run  16  was  intended  to  investigate  the  performance  of  the  fan  system 
with  sinusoidal  inputs  in  the  roll  control  mode  of  operation  with  the 
jazzer.  Tests  were  run  at  the  following  scroll  position  and  jazzer  sett¬ 
ings  at  maximum  core  engine  power. 

Scroll  Settings  Jazzer  "m" 

50  i  10%  1 

50  ±  10%  3 


50  ±  20% 


1 


While  running  the  last  test  sequence  of  50  plus  or  minus  20  percent  scroll 
area,  at  an  impressed  irequency  level  of  about  1.5  cycles  per  second,  the 
scroll  actuator  failed  to  respond  to  the  commands  from  the  control  system. 
The  system  failed  to  respond  four  times  when  moving  from  the  open  position 
towards  closed.  The  motion  of  the  scroll  actuator  stopped  abruptly  at  60 
to  70  percent  of  stroke. 

The  tests  were  immediately  discontinued  and  an  investigation  of  the  mal¬ 
function  was  initiated  immediately.  After  ' -oubleshooting  the  electrical 
and  hydraulic  systems,  it  t-ecame  obvious  that  the  scroll  actuator  was  be¬ 
ing  supplied  a  hydraulic  pressure  differential  across  the  actuator  piston 
of  sufficient  level  (greater  than  1500  pcurds)to  move  the  mechanism,  but 
motion  did  not  occur.  An  audible  "klunk"  of  the  variable  area  scroll 
mechanism  was  observed  at  the  conditions  when  the  actuator  failed  to  re¬ 
spond  to  the  commands  and  the  high  force  was  applied.  These  observations 
were  made  before  the  scroll  mechanism  had  completely  cooled  down  after 
the  test. 


After  the  system  had  completely  cooled  down,  the  conditions  of  the  mal¬ 
function  were  no  longer  present.  Since  this  malfunction  occurred  at  a 
point  in  the  test  program  after  most  of  the  dynamic  response  tests  had 
been  completed,  it  was  decided  to  continue  the  test  program  using  on.y 
manual  control  of  the  variable  area  scroll.  The  parts  of  the  test  pro¬ 
gram  not  completed  were  roll  control  with  jazzer  at  95-percent  core  engine 
speed  and  height  control  with  jazzer. 
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Following  ccmpletlon  of  all  desired  testing,  representing  about  15  hours 
of  fan  operation,  further  investigations  of  the  malfunction  were  initiated. 

The  bellmouth  quadrant  between  the  3  and  6  o'clock  locations  wbb  removed 
to  inspect  the  scroll  actuator  and  variable  area  scroll  mechanism.  Mo 
noticeable  indications  of  the  malfunction  were  observed.  The  actuator 
and  mechanism  were  operated  throughout  the  complete  range  simulating  the 
conditions  of  the  malfunction,  but  no  repeat  of  the  conditions  was  observed. 

The  teardown  inspection  was  not  continued  past  this  point.  « 

It  is  believed  that  the  only  component  hang-up  capable  of  completely 
stalling  the  actuator  would  be  an  interference  between  the  actuator  push 
rod  and  some  static  structure.  Detailed  visual  inspection  failed  to  show 
any  area  of  impact  damage.  Subsequent  cold,  full-hydraulic-pressure  cycling  ? 

of  the  system  did  not  reproduce  the  problem.  Further  scroll  teardown 
inspection  at  this  time  would  not  contribute  any  data  to  the  actuator 
stalling  problem;  hence  it  was  not  pursued.  At  this  time  there  is  appar¬ 
ently  no  explanation;  and  until  it  occurs  again,  it  will  be  considered  a 
minor  problem. 

ROTATING  STRUCTURAL  COMPONENT  PERFORMANCE 


The  rotating  structure  consisted  of  the  LF2  rotor,  the  fan  and  tip  turbine, 
and  the  rotor  bearing  system.  Performance  of  these  components  was  moni¬ 
tored  during  the  test  by  observing  the  response  of  strain  gages  and  thermo¬ 
couples  installed  at  control  points  on  the  component.  The  location  of  each 
of  these  strain  gages  and  thermocouples  has  been  defined  previously  in  the 
instrumentation  section  of  this  report.  The  following  section  presents 
some  of  the  more  significant  results  obtained  from  these  measurements . 

Fan  Blade  Stress  Levels 


The  strain  gage  locations  on  the  fan  blades  were  chosen  after  considering 
the  steady-state  and  vibratory  stress  distributions  for  the  various  modes 
of  vibration.  These  distributions  were  established  during  design  by 
utilizing  computer  techniques  and  were  verified  by  bench  testing  of  the 
components.  Table  V  gives  the  stress  ratios  for  the  fan  blade  strain 
gages  shown  in  Figure  90. 

The  blade  stress  data  shown  in  Figures  256,  257,  and  ?58  show  the  varia¬ 
tion  of  overall  stress  level  with  fan  speed  for  the  gage  1,  gage  3,  and 
gage  4  locations  respectively.  The  data  are  shown  for  the  scroll  area  in 
the  full-open  position  and  the  exit  louvers  in  the  neutral  or  zero-degree 
position . 

Similar  blade  stress  versus  fan  speed  data  for  blade  gage  4  are  shown  in 
Figures  259  through  263,  where  in  each  case  the  scroll  area  is  held  ''on- 
stant.  In  these  figures,  curves  are  shown  for  three  exit  louver  settings: 
-7,  20,  and  37  degrees. 

In  order  to  show  the  effect  of  scroll  area  on  fan  blade  response,  three 
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resonant  points  were  selected.  For  th*  first  flexural  mode,  Figure  264 
shows  the  blade  overall  stress  versus  scroll  actuator  position  with  fan 
speed  held  constant  at  1610  revolutions  per  minute.  Figure  265  shows  the 
effect  on  the  second  flexural  mode  with  a  constant  fan  speed  of  1850  revo¬ 
lutions  per  minute.  Similarly,  the  3d  response  is  shown  in  Figure  266  as 
a  function  of  scroll  actuator  position  with  fan  speed  held  constant  at 
1960  revolutions  per  minute. 

Gage  4  data  are  used  in  Figure  267  to  show  the  effect  of  louver  vector 
angle  on  blade  stress.  In  this  figure  the  first  flexural  and  second 
flexural  modes  are  shown  with  data  for  constant  fan  speed  of  1610  revo¬ 
lutions  per  minute  and  1850  revolutions  per  minute. 

Figure  268  shows  overall  stress  level  as  a  function  of  fan  speed  for  gage 
4  with  the  inlet  turning  vane  removed.  Data  from  test  runs  with  the  inlet 
vane  installed  are  included  for  comparison.  The  effects  of  the  inlet  vane 
based  on  gage  2  data  are  also  shown  in  the  figure. 

The  predominant  frequency  of  the  blades  vibratory  stress  is  shown  as  a 
function  of  fan  speed  in  Figure  269.  Data  from  the  LF2  demonstration  test 
are  included  to  define  more  completely  the  entire  fan  speed  range.  The 
shapes  of  the  curves  shown  for  the  fundamental  vibratory  modes  were  derived 
from  design  analysis  and  bench  test  results. 

Turbine  Bucket  Stress  Levels 

Turbine  bucket  stresses  were  monitored  by  strain  gages  located  as  shown  in 
Figure  88.  The  primary  gage  for  the  first  flexural  mode  of  vibration  was 
the  type  7  gage,  with  a  stress  ratio  of  1.0,  and  the  secondary  gage  was  the 
type  9  gage,  with  a  stress  ratio  of  0.70.  Early  in  the  test  runs,  after 
test  run  11,  the  type  7  gage  became  inoperative.  Test  data  following 
run  11  are  based  on  the  type  9  strain  gage. 

Overall  turbine  bucket  stress  levels  ;.re  shown  as  a  function  of  fan  speed 
for  gage  7  in  Figures  270  through  273.  These  figures  present  data  from 
runs  7,  9,  10,  and  11  respectively.  Note  that  Figure  270  includes  a  curve 
of  overall  stress  level  versus  fan  speed  obtained  during  the  LF2  demonstra¬ 
tor  test. 

In  Figures  271,  272,  and  273,  data  are  shown  for  various  scroll  actuator 
positions  as  well  as  for  the  100-percent  open  position.  The  core  engine 
power  was  held  constant  for  the  various  scroll  actuator  settings  as  indi¬ 
cated  by  the  J85  engine  speed,  Ne,  given  in  each  figure. 

Turbine  bucket  stress  data  based  on  gage  9  are  shown  in  Figures  274,  275, 
and  276,  where  scroll  actuator  position  is  constant  at  100  percent,  90 
percent,  and  50  percent  respectively. 

The  predominant  frequency  observed  in  most  of  the  turbine  bucket  stress 
data  corresponds  to  the  first  flexural  mode  as  identified  by  component 
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bench  tests.  Predominant  frequency  is  plotted  as  a  function  of  fan  speed 
in  Figure  277.  LF2  demonstrator  test  data  are  included  for  comparison. 

The  spectrum  analysis  results  as  presented  in  Figures  278,  279,  and  280 
show  the  many  component  frequencies  which  make  up  the  complex  stress 
cycling  of  the  turbine  bucket.  These  plots  are  made  from  stress  data 
during  a  specified  short  time  interval  for  which  the  fan  speed  is  held 
constant.  Two  characteristics  are  brought  out  in  the  spectrum  analysis 
plots:  a  relatively  high  amplitude  of  the  signal  corresponding  to  a 
frequency  of  one  cycle  per  revolution,  and  a  relatively  high  amplitude  for 
particular  frequencies  in  a  band  near  the  bucket's  first  flexural  natural 
frequency,  980  cycles  per  second. 

The  one-per-revolution  frequency  is  generated  by  the  partial  admission 
turbine  effect  of  applying  pneumatic  load  during  a  portion  of  the  revolu¬ 
tion  within  the  scroll  arc,  and  coasting  under  centrifugal  loading  during 
the  remaining  portion.  The  amplitude  of  this  stress  component  is  plotted 
as  a  function  of  fan  speed  squared  in  Figure  281  for  the  scroll  actuator 
in  the  100-percent  open  position.  Similar  data  obtained  during  the  LF2 
demonstration  tests  in  1984  are  also  shown  on  the  figure. 

In  order  to  show  the  effect  of  changing  scroll  admission  arc  on  the  one- 
per-revolution  component  of  bucket  stress,  Figure  282  presents  the  ratio 
of  the  one  area  to  the  one-per-revolution  stress  level  at  100-percent 
open  area.  Each  data  point  represents  a  different  fan  speed,  and  each 
ratio  is  formed  by  using  the  one-per-revolution  stress  level  obtained  at 
that  speed  with  100-percent  scroll  actuator  position.  The  e;*pected  varia¬ 
tion  of  this  stress  ratio  with  scroll  area  is  also  shown  on  the  figure  and 
will  be  discussed  in  the  analysis  of  the  data. 

The  effect  of  changing  scroll  admission  arc  on  overall  turbine  bucket 
stress  level  at  constant  fan  speed  is  shown  in  Figure  283.  The  reduction 
in  overall  stress  level  obtained  as  the  scroll  admission  arc  is  closed 
down  is  even  more  impressive  when  the  increased  one-per-revolution  stress 
component  shown  in  Figure  282  is  considered.  Note  also  that  a  given 
change  in  scroll  area  or  actuator  position  causes  a  larger  change  in  over¬ 
all  stress  level  at  higher  fan  speeds  than  a  similar  area  change  would 
make  at  lower  fan  speeds.  Figure  283  also  shows  this  effect  as  a  ratio 
of  percent  change  in  stress  to  percent  change  in  area  plotted  versus  fan 
speed  squared. 

The  wave  form  of  the  turbine  bucket  stress  signal  changes  as  the  scroll 
admission  arc  is  changed.  This  change  in  amplitude  and  in  proportion  to 
active  and  inactive  arcs  is  shown  in  Figure  284. 

Torque  Band  Stress  Levels 


The  torque  band  is  subjected  to  a  vibratory  loading  of  one  cycle  per  revo¬ 
lution  due  to  the  nature  of  its  role  in  transmitting  the  excess  input 
torque  in  the  turbine  active  arc  to  the  fan  blades  in  che  inactive  region. 
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Since  the  magnitude  of  this  loading  will  vary  with  admission  arc,  a  strain 
gage,  type  6,  was  located  on  the  torque  band  as  shown  in  Figure  87  to  ob¬ 
tain  data  on  this  effect.  For  practical  purposes,  the  only  vibratory 
stresses  observed  on  this  gage  was  due  to  the  torque  loading. 

The  torque  band  stress  data  are  presented  in  Figures  285,  286,  and  287. 

In  Figure  285  the  overall  stress  level  is  shown  as  a  function  of  fan  speed 
for  a  constant  scroll  area  of  80  percent. 

The  effect  of  varying  scroll  area  at  constant  fan  power  is  shown  in  Figure 
286,  where  overall  torque  band  stress  is  plotted  versus  scroll  actuator 
position  along  lines  of  constant  fan  speed.  Figure  287  shows  overall 
torque  band  stress  level  versus  scroll  effective  area  for  one  constant 
fpn  speed. 

Scroll  Transient  Effects  on  Stress 


During  the  various  scroll  actuator  transients  (sine  wave,  step  changes, 
and  step  changes  with  jazzer),  stress  data  did  not  show  a  significant  effect 
due  to  the  transients.  While  the  overall  stress  levels  varied  as  a  func¬ 
tion  of  fan  speed  and  scroll  area  during  the  transient,  the  response  was 
not  discernibly  different  than  would  be  obtained  for  steady-state  operation 
at  the  same  fan  speed  and  scroll  area.  To  demonstrate  this  type  of  opera¬ 
tion,  Figure  288  shows  stress  and  fan  speed  variation  for  a  sine  wave  in¬ 
put  to  the  scroll  actuator. 

Rotor  Temperature 


Thermocouples  were  attached  to  certain  rotor  components  in  order  to  deter¬ 
mine  operating  temperatures.  These  temperatures  are  used  as  test  safety 
instrumentation,  and  they  also  provide  data  for  confirmation  of  design 
calculations  and  assumptions.  The  LF2  rotor  temperature  data  are  pre¬ 
sented  in  two  groups.  The  first  group  consists  of  the  data  from  the 
thermocouples  on  the  turbine  bucket,  the  blade  tip  tang,  and  the  torque 
bands;  while  the  second  group  is  data  from  the  ball  bearing  and  roller 
bearing  thermocouples . 

Stationary  thermocouples  were  installed  as  shown  in  Figure  81  to  determine 
the  turbine's  operating  temperature  environment  by  measuring  the  tempera¬ 
ture  of  the  surrounding  gas. 

A  typical  temperature  history  for  a  tesc  run  is  presented  In  Figure  289, 
where  rotor  component  temperatures  are  plotted  as  a  function  of  time. 
Important  events  are  noted  in  the  figure.  This  run  included  manual  varia¬ 
tion  of  scroll  area  by  initially  opening  the  dump  valve  followed  by  clewing 
of  the  scroll  area. 

Varying  scroll  area  while  holding  engine  power  constant  did  not  signifi¬ 
cantly  affect  rotor  component  temperatures  a&  Indicated  in  Figure  290, 
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Figure  291  gives  rotor  component  temperatures  as  a  function  of  average 
exhaust  gas  temperature  of  the  two  core  engines.  Data  are  presented  for 
two  runs  at  constant  scroll  area  settings:  100  percent  open  and  80  per¬ 
cent  open. 

Bearing  temperature  data  are  presented  as  a  time  history  for  a  test  run 
in  Figure  292  and  as  a  function  of  fan  speed  in  Figure  293 .  As  shown  in 
the  latter  figure,  several  quite  different  trends  can  be  obtained  in  the 
plot  of  bearing  temperature  versus  fan  speed.  These  trends  seem  to  be  a 
function  of  the  sequence  of  operation  during  the  test  run.  The  two  ex¬ 
treme  cases  are  shown  in  the  figure  for  both  the  ball  bearing  and  roller 
bearing  temperatures.  The  higher  bearing  temperatures  were  obtained  on 
test  runs  which  began  with  a  relatively  rapid  acceleration  to  maximum 
power  followed  by  reduction  of  far  speed  in  steps  to  obtain  performance 
data.  The  lower  bearing  temperatures  were  obtained  on  test  runs  which 
began  with  an  acceleration  to  a  lower  power  setting  followed  by  step  in¬ 
creases  in  speed  to  obtain  performance  data.  Arrowheads  are  used  to  in¬ 
dicate  Increasing  run  time  in  the  figure. 

One  of  the  stationary  thermocouples  measuring  gas  temperature  in  the  tun¬ 
nel  aft  of  the  turbine  was  located  in  the  active  arc,  while  the  other  two 
were  located  in  the  inactive  arc.  Data  were  taken  in  one  of  two  ways: 
fixed  power  and  variable  scroll  area,  or  fixed  scroll  area  and  variable 
power.  Data  taken  by  the  first  method  are  presented  in  Figure  294,  where 
turbine  inlet  gas  total  temperature,  turbine  bucket  temperature,  tip  tang 
temperature,  and  the  three  tunnel  gas  temperatures  are  plotted  versus 
percent  scroll  area.  The  same  parameters  are  shown  as  a  function  of  ex¬ 
haust  gas  temperature  in  Figure  295  for  data  taken  by  the  second  method. 

Figure  296  shows  typical  circumferential  distributions  of  tunnel  gas  tem¬ 
perature.  Data  are  given  for  two  scroll  area  settings. 

Post-Test  Inspection 

The  following  discussion  presents  the  significant  results  of  inspections 
performed  on  the  rotor  system  after  each  test  run. 

After  test  run  5,  Inspection  of  the  rotor  revealed  that  foreign  object 
damage  had  been  sustained  in  the  fan  turbine.  The  location  of  the  damage 
was  random  in  nature,  with  11  buckets  involved.  The  most  serious  damage 
was  a  0.2-inch  tear  in  the  bucket  leading  edge  1  inch  from  the  bucket  tip 
on  bucket  3,  carrier  serial  number  12.  The  remainder  of  the  damage  was 
minor  in  nature  and  the  cause  was  not  identified. 

Operation  was  continued  with  frequent  inspection  of  the  damaged  area.  No 
further  progression  of  the  leading  edge  tear  was  noted. 

After  test  run  14,  cracks  were  found  in  two  turbine  buckets.  These  cracks 
in  the  bucket  skin  adjacent  to  the  root  braze  filler  were  located  at  the 
leading  edge  of  the  bucket  in  carrier  position  1  and  at  the  trailing  edge 
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of  the  bucket  in  carrier  position  9. 

The  two  buckets  were  removed  before  the  test  was  continued.  Because  of 
tftir  diametrically  opposed  location  on  the  rotor,  no  balance  correction 
was  required.  Operation  was  continued  until  the  test  plan  was  completed 
with  no  further  incidents.  Scroll  area  was  limited  to  80  percent  where 
turbine  bucket  stress  levels  were  lower  in  order  to  preclude  additional 
failures. 

The  accumulated  time  up  to  the  bucket  failures  was  slightly  more  than  5 
hours.  After  removal  of  the  two  buckets,  10  hours  of  additional  running 
time  were  accumulated. 
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ANALYSIS  AND  DISCUSSION  OF  TOST  RESULTS 


This  section  presents  s one  interesting  comparisons  of  test  results,  results 
of  further  analysis,  and  significant  trends  shown  in  the  test  data.  Some 
extrapolations  of  the  test  results  for  fan  operation  with  the  J85/J4  engine 
configuration  are  also  included. 

This  section  of  analysis  is  concerned  only  with  the  test  results.  A  section  * 

later  in  the  report  will  be  concerned  with  the  results  of  the  analog  simu¬ 
lation  studies.  That  section  will  present  detailed  comparisons  of  test  and 
simulator  results.  Extension  of  fan  performance  to  larger  t-roll  sizes  and 
operation  with  the  J85/J4  engine  will  be  presented. 

* 

EFFECTS  OF  FAN  CONFIGURATION  ON  PERFORMANCE 


During  the  test  program,  numerous  changes  of  the  fan  configuration  were 
made  to  determine  possible  changes  in  performance.  These  test  results 
have  been  previously  shown  as  variations  of  lift,  fan  speed,  and  available 
horsepower  throughout  the  complete  test  range.  A  tabulation  of  this  meas¬ 
ured  performance  in  terms  of  lift  at  a  given  fan  speed  of  2300  revolutions 
per  minute  is  given  in  Table  VI. 

Comparison  of  these  data  shows  the  lift  increments  as  given  in  Table  VII. 
The  lift  increment  due  to  installing  the  stator  stiffener  rings  was  ob¬ 
tained  by  comparing  runs  7  and  9.  An  increment  of  2.3-percent  loss  in 
lift  was  apparent.  Comparison  of  runs  9  and  11  Includes  two  configuration 
changes:  installation  of  the  bleed  nozzles  to  permit  dump  valve  program¬ 
ming,  and  operation  at  a  scroll  position  of  70  percent  rather  than  full 
open.  This  70-percent  scroll  area  existed  because,  in  run  11,  fan  speed 
was  varied  using  scroll  setting  rather  than  engine  power  level.  The  re¬ 
sulting  lift  increment  is  a  1.3-perceat  reduction  in  lift.  A  lift  decre¬ 
ment  of  1.8  percent  was  estimated  to  exist  because  the  scroll  is  at  70 
percent  rather  than  100  percent.  Therefore,  the  effect  of  installing  the 
bleed  nozzles  shows  about  a  1/2-percent  difference  in  performance.  This 
is  negligible  when  considering  the  expected  test  accuracy. 

The  lift  increment  due  to  covering  the  hole  in  the  frame  dishpan  around 
the  slip  ring  cavity  produced  an  Increased  lift  of  0.4  percent.  The 
existence  of  this  hole  in  the  dishpan  would  allow  air  to  flow  from  the 

bottom  side  of  the  fan  stators  towards  the  cavity  between  the  fan  rotor 

and  stators.  There  was  always  concern  that  this  flow  would  appreciably 
Influence  fan  performance  in  the  hub  region.  These  test  results  showed 
that  this  effect  may  be  negligible. 

Previous  testing  of  lift  "an  configurations  has  shown  that  the  orientation 
of  the  circular  vane  in  the  fan  inlet  can  appreciably  influence  performance 
of  the  fan  system.  For  ♦'hid  reasw,  it  was  measured  prior  to  conducting 
this  test  program.  The  results  of  these  measurements  are  summarized  in 
Figure  297.  The  prime  measurement  for  circular  vane  location  is  the  angle 

of  the  vane  chord  line  relative  to  the  bellmouth  radial  line,  as  shown  by 
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the  schematic  on  the  figure.  The  deaign  value  of  this  angle  was  selected 
at  67  degrees,  based  on  previous  X353-5  test  results.  The  circular  vane 
as  Installed  In  the  LF2  was  oriented  at,  or  at  less  than,  this  angle  In 
all  quadrants  except  between  the  90-  and  180-degree  position  In  the  tan. 
Since  an  orientation  angle  less  than  design  is  more  desirable  than  greater 
than  design,  it  was  decided  that  the  90-  io  180-degree  quadrant  should  be 
reoriented.  This  was  accomplished  by  loosening,  rotating,  and  raising 
the  vane  until  the  angle  at  the  135-degree  position  was  at  the  design  angle 
of  67  degrees. 

The  results  of  testing  this  configuration,  with  the  one  quadrant  of  the 
circular  vane  reoriented,  showed  a  lift  decrement  of  3.1  percent  even 
though  a  lift  Increase  was  anticipated.  Why  a  lift  decrement  was  observed 
is  not  understood.  This  reverse  trend  tends  to  indicate  that  additional 
investigations  of  the  circular  vane  system  are  required  to  explore  fully 
the  effects  on  fan  performance. 

The  fan  exit  louvers  were  removed  in  order  to  obtain  their  incremental 
performance  effects  on  fan  lift.  The  remaining  fan  systems  were  retained 
at  the  previous  test  configuration,  especially  the  location  of  the  fan 
inlet  circular  vane.  Comparison  of  these  results,  run  18,  shows  that  the 
total  lift  increase  was  5.6  percent  due  to  removing  the  exit  louvers. 

The  aerodynamic  drag  of  the  louver  system  was  estimated  to  be  about  2  to  3 
percent  of  the  total  fan  lift.  The  additional  3  to  4  percent  lift  increase 
observed  during  the  test  may  be  accounted  for  as  an  unthrottling  of  the 
fan  when  the  louver  blockage  was  removed.  This  unthrottling  of  the  fan 
was  also  verified  by  the  Increase  in  power  absorbed  by  the  fan  at  a  given 
fan  speed,  louvers  on  and  off. 

The  next  major  configuration  change  at  the  conclusion  of  run  18  was  to  re¬ 
move  the  inlet  vane  system  completely.  Testing  of  the  fan  in  this  config¬ 
uration  showed  that  a  large  decrease  of  fan  performance  was  experienced; 
coupled  with  this,  there  was  a  large  increase  in  rotor  blade  stress  level, 
which  is  characteristic  of  poor  aerodynamic  performance. 

Following  these  tests,  the  inlet  vane  was  reinstalled  as  near  as  possible 
to  tlie  original  orientation  as  given  in  Figure  297.  At  the  same  Mme, 
the  fan  forward  air  seal  was  built  up  with  a  silicone  adhesive  sealant 
such  that  there  was  almost  zero  seal  clearance  around  the  active  arc  of 
the  fan.  With  the  exit  louvers  still  removed,  the  fan  was  run  to  investi¬ 
gate  any  poasible  performance  improvement.  Comparison  of  these  test  re¬ 
sults,  run  19  with  run  17,  shows  a  lift  increment  of  6.3-percent  However, 
run  17  la  with  the  exit  louvers  on  so  an  Increment  of  5.6  percent  due  to 
the  louvers  is  Included  in  the  6.3  percent.  The  net  effect  due  to  the  im¬ 
proved  forward  air  seal  is  about  0,7  percent. 

The  last  configuration  change  was  to  remove  the  stator  stiffener  rings. 
Comparison  of  the  cases  of  stiffener  rings  in  and  out  for  run  19  shows  a 
lift  increment  of  u.6  percent.  A  similar  configuration  change  was  made 
during  run  7.  The  lift  Increment  for  this  case  was  2.3  percent.  The 


difference  in  the  lift  increments  for  these  two  esses  a*y  be  the  result  of 
exit  louver  interference  effects.  With  the  exit  louvers  installed  on  the 
fan,  a  2.3-percent  lift  increment  was  observed.  The  lower  lift  increment 
was  observed  when  the  louvers  were  off.  Apparently  there  is  some  type  of 
interference  losses  associated  with  the  combination  of  stiffener  rings  plus 
exit  louvers  that  produced  the  larger  changes  in  fan  system  lift. 

So  in  summary,  it  is  possible  to  conclude  that  the  LF2  fan  system  at  full-  * 

open  scroll  will  develop  5560  pounds  of  lift  at  2300  revolutions  per  minute. 

A  potential  lift  increase  of  22  pounds  due  to  covering  the  slip-ring  hole 

will  increase  this  lift  to  5582  pounds.  This  lift  level  will  be  used  as 

the  basis  for  extrapolated  performance  using  J85/J4  engines  to  drive  the 

fan.  At  this  level  of  performance,  the  available  horsepower  required  to  * 

drive  the  fan  is  3090,  and  this  will  also  serve  as  a  basis  in  future 

analysis. 

VARIABLE  AREA  SCROLL  EFFECTIVE  AREA 

During  the  conduct  of  the  test  program,  the  effective  area  of  the  fan 
scrolls  was  determined  using  fan  scroll  airflow,  engine  discharge  total 
temperature,  and  scroll  total  pressure.  The  variation  of  scroll  area  with 
actuator  stroke  has  been  presented  in  Figure  183.  Figure  23  also  shows 
the  physical  area  of  the  fan  turbine  nozzles  taken  from  inspection  measure¬ 
ments. 

Comparison  of  the  effective  and  physical  areas  of  the  two  parts  of  the 
scroll  is  shown  in  Figures  298  and  299.  For  fan  scroll  1,  that  is,  the 
forward  scroll  and  the  one  having  the  biconvex  nozzle  partitions,  the  com¬ 
parison  is  shown  in  Figure  298.  At  the  full-closed  or  zero-percent  scroll 
position,  the  physical  and  effective  areas  are  in  good  agreement.  As  the 
scroll  is  opened,  the  increase  in  effective  ares  is  much  less  than  that 
expected  based  on  the  physical  area  measurement .  If  these  test  measure¬ 
ments  are  accurate,  this  effect  indicates  a  blockage  of  unknown  origin  in 
the  turbine  nozzles  containing  the  splitter  vanes. 

A  different  condition  is  apparent  for  fan  scroll  2.  In  this  case,  the 

difference  in  both  the  full-closed  and  full-open  case  is  about  5  square 

inches  of  area,  the  effective  area  being  less  than  the  physical  area.  In 

this  sci oil  section,  the  nozzle  partitions  are  the  flat  type.  A  possible  # 

explanation  of  the  flow  conditions  is  as  follows: 

o  With  all  the  variable  nozzle  partitions  closed,  the  flow 
incidence  on  the  open  nozzles  is  at  a  very  high  negative 
angle. 

o  With  this  high  incidence,  separation  occurs  and  the 
effective  area  is  reduced  considerably. 

o  In  the  full-open  position,  all  nozzles  are  at  near-normal 
flow  incidence;  but  there  is  still  a  blockage  effect  as 
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observed  for  the  biconvex  nozzles,  possibly  due  to  the 
splitter  vanes. 

No  matter  how  good  an  explanation  is  possible,  there  is  also  a  doubt  cs  to 
the  accuracy  of  the  methods  used  in  determining  the  fan  scroll  flo*.  As 
described  in  the  data  reduction  procedures,  the  fan  flow  is  obtained  by 
,  taking  the  difference  of  the  total  engine  flow  and  all  known  over-board 

flows  such  as  diverter  7&lve  leakage,  bleed  nozzles,  and  overboard  dump. 

This  could  produce  inaccuracies  In  the  calculation  of  fan  flow,  but  with 
the  levels  observed,  it  is  difficult  to  imagine  so  large  an  inaccuracy  in 
the  measurements.  The  test  results  show  this  lack  of  area,  and  unless 
^  proven  to  be  in  error,  the  deficiency  of  flow  effective  area  may  indeed  be 

real . 

If  this  low  effective  area  trend  real. y  exists,  the  effeot  on  fan  design 
would  be  an  Increase  in  scroll  arc  size  'o  obtain  a  given  power  transfer 
capability.  Similar  tests  of  the  X353  and  previous  LF2  tests  did  not 
show  this  trend;  effective  and  physical  areas  were  in  close  agreement  with¬ 
in  normal  test  accuracy.  Detailed  aerodynamic  flow  tests  of  the  scroll 
position  and  area  control  devices  may  provide  some  knowledge  as  to  possible 
aerodynamic  design  changes  that  would  reduce  the  flow  over  deficiency. 

The  combined  fan  scroll  area  variation  with  actuator  stroke  is  the  sum  of 
that  for  the  two  scrolls.  This  summation  is  given  in  Figure  300. 

LOSSES  OF  OIVKRTKR  VALVE  AND  CROSS  DUCT 

During  this  test,  the  scroll  pressure  was  measured  by  wall  static  pressures, 
and  the  overboard  dump  system  total  pressure  was  measured  by  arrays  of 
total  pressure  probes.  The  measured  loss  coefficients  were  presented  in 
Figures  182  and  184.  Using  these  data,  the  curves  shown  in  Figure  301 
summarizing  the  pressure  losses  of  the  four  legs  of  the  ducting  were  de¬ 
rived.  The  right- rear  and  right-forward  duct  loss  coefficients  are  the 
measured  data  based  on  scroll  pressure  measurements.  The  left-rear  and 
left-forward  loss  coefficients  are  those  of  the  overboard  dump  system  with 
the  straight  duct  losses  subtracted.  The  dashed  part  of  the  curves  re¬ 
presents  the  extrapolation  of  the  data,  assuming  the  left-forward  and 
w  right-rear  ducts  have  similar  loss  coefficient  variations  with  Mach  number. 

The  right-forward  and  left-rear  ducts  were  also  assumed  to  be  similar. 

This  assumption  is  based  on  the  fact  that  both  the  cross  duct  system  and 
the  fan  scrolls  are  similar  configurations  diagonally  opposite  each  other. 
The  scroll  losses  (left-hand  system)  represent  the  complete  system  losses, 

*  while  the  dump  duct  losses  (right-hand  system)  represent  all  losses  except 

for  the  extreme  ends  of  the  scroll  arms. 

Comparison  of  the  loss  levels,  right  to  left  and  forward  to  rear,  shows 
that  both  the  left  duct  system  and  the  forward  ducts  have  higher  losses. 

This  comparison  agrees  with  expected  trends  observed  in  the  XV-5A  propulsion 
system,  where  the  fan  area  required  to  obtain  a  given  fan  power  level  was  an 
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indication  of  relative  loss  levels .  Similar  trends  of  high  losses  in  the 
right  and  forward  ducting  systems  were  observed. 

EXTENSION  OF  PERFORMANCE  TO  THE  J85/J4  LEVEL 

The  core  engines  used  to  power  the  LF2/VAS  configuration  in  this  test  were 
one  each  of  J85  and  YJ8S  engines.  The  LF2/VAS  was  intended  for  use  with 
an  advanced  engine,  the  J85/J4.  This  engine  operates  at  a  much  higher  ex¬ 
haust  gas  temperature  and  consequently  higher  power  level.  Typical  per¬ 
formance  characteristics  for  this  engine  are  shown  in  Figures  302  through  304. 

In  order  to  extrapolate  the  fan  performance,  a  base  level  of  performance 
was  required.  The  lift  base  was  5580  pounds  of  lift  at  2300  revolutions 
per  minute  (see  Table  VII).  The  fan  speed  level  of  2410  revolutions  per 
minute  at  a  horsepower  level  of  3500  was  also  selected  at  the  base  (see 
Figure  117).  Using  these  two  base  points  and  assuming  ideal  fan  laws, 
the  characteristics  shown  in  Figures  305  and  306  were  obtained.  In  Fig¬ 
ure  305  it  is  assumed  that  fan  lift  varies  directly  with  fan  speed  squared, 
and  in  Figure  306  it  is  assumed  that  fan  speed  varies  as  the  cube  root  of 
the  horsepower. 

To  correct  fan  performance  for  variable  scroll  arc  operating  conditions, 
the  characteristics  shown  in  Figures  307  and  308  are  required.  Figure 
307  presents  the  lift  multiplier  to  correct  fan  turbine  thrust  effects 
as  a  function  of  scroll  arc.  This  multiplier  was  derived  using  standard 
performance  calculation  techniques  and  is  not  truly  a  test  result.  How¬ 
ever,  this  trend  was  observed  in  the  test  results,  as  was  the  probable 
cause  of  the  lift  decrement  with  variable  area  scroll  as  shown  in  Figures 
131  and  137. 

The  second  set  of  characteristics  required  is  the  effects  of  scroll  arc 
on  the  power-speed  relationship  of  the  fan  system.  This  characteristic 
based  on  test  results  is  shown  in  Figure  308.  This  curve  shows  the  effects 
of  scroll  arc  to  be  negligible  and  will  be  neglected  in  the  future  analysis. 

The  next  step  in  the  analysis  was  to  determine  what  percentage  of  the  core 
engine  is  supplied  to  the  fan  as  a  function  of  scroll  arc  or  actuator  posi¬ 
tion.  The  relationship  between  scroll  admission  arc  and  actuator  position 
for  the  LF2/VAS  is  shown  in  Figure  309,  The  variation  of  flow  function 
with  scroll  arc  was  then  obtained  by  summing  the  results  shown  in  Figure 
180.  Figure  310  presents  this  sum  as  a  function  of  scroll  arc  and  scroll 
actuator  position.  Making  use  of  this  flow  function  variation  with  scroll 
arc  and  an  engine  flow  function  of  51.2  as  shown  in  Figure  303,  the  per¬ 
centage  of  the  core  engine  being  delivered  to  the  fan  was  obtained  and  is 
shown  in  Figure  311.  Total  available  horsepower  as  a  function  of  scroll 
arc  is  then  the  percentage  in  Figure  311  times  the  engine  rated  horsepower 
as  shown  in  Figure  304.  The  results  are  presented  in  Figure  312,  where  the 
total  available  horsepower  as  a  function  of  scroll  arc  and  scroll  actuator 
position  is  shown.  This  is  the  available  horsepower  required  to  determine 
the  fan  speed  and  fan  lift  using  the  performance  as  shown  in  Figures  305 
through  308. 
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The  resulting  estimated  fan  performance  for  the  LF2/VAS  operating  with 
J85/J4  engine  is  shown  in  Figures  313  and  314.  The  fan  performance  as 
demonstrated  in  this  test  is  also  shown  for  comparison. 

FAN  PERFORMANCE  WITH  EXIT  LOUVERS 

The  variation  of  fan  speed,  lift,  and  thrust  is  presented  as  a  function 
of  scroll  actuator  position  and  exit  louver  angle  in  Figures  315  through 

317.  Actual  turning  angle,  based  on  measured  lift  and  thrust,  is  a  con¬ 
stant  2  degrees  more  than  the  indicated  louver  angle  as  shown  in  Figure 

318. 

For  the  LF2  test,  the  exit  louvers  were  ganged  together  so  that  all  louvers 
were  positioned  at  the  same  angle  at  all  times.  On  the  X353-5B  fans,  the 
louvers  were  more  open  both  fore  and  aft  of  the  center  louvers,  and  the 
center  louvers  were  used  to  measure  indicated  louver  angle. 

The  LF2  and  X353-5B  louvers  have  the  same  airfoil  shape,  but  the  LF2 
louvers  are  test  hardware  and  are  much  stiffer,  resulting  in  less  deflect¬ 
ion  under  air  loading.  A  comparison  of  LF2  and  X353-5B  fan  characteristics 
at  constant  turning  angle  and  constant  available  gas  horsepower  is  given 
in  Table  IX. 

For  turning  angles  as  high  as  22  degrees,  both  fans  have  very  little  over¬ 
speed,  but  the  total  thrust  of  the  LF2  has  already  dropped  4  percent,  in¬ 
dicating  that  it  is  already  being  throttled.  As  turning  is  increased, 
the  LF2  overspeed  becomes  greater  and  total  lift  becomes  smaller  than 
those  of  the  X353-5B.  These  characteristics  indicate  that  the  LF2  rotor 
is  more  sensitiv<  than  the  X353-5B  rotor  to  downstream  throttling.  This 
was  further  substantiated  by  the  total  lift  improvement  of  5.6  percent 
experienced  by  the  removal  of  the  exit  louvers.  From  X353-5B  testing, 
removal  of  exit  louvers  was  found  to  produce  only  1.5  to  2  percent  improve¬ 
ment,  typical  of  louver  drag  losses  only. 

COMPARISON  OF  X353-5B  AND  LF2  FAN  PERFORMANCE 

The  LF2  fan  buildup  configuration  for  the  variable  area  scroll  test  re¬ 
ported  herein  is  referred  to  as  LF2/VAS  to  distinguish  it  from  the  first 
buildup  configuration  for  the  LF2  demonstration  test  conducted  in  Decem¬ 
ber  1964.  As  shown  in  Figure  319,  the  test  results  of  the  first  LF2  in¬ 
dicated  a  lift  deficiency  of  9.5  percent  at  constant  fan  speed.  The 
LF2/VAS  fan  test  results,  shown  as  the  circled  data  points  in  Figure  319, 
are  in  very  close  agreement  with  the  average  X353-5B  level.  The  improve¬ 
ment  in  LF2  performance  must  be  attributed  to  buildup  and  installation 
changes.  These  changes  were: 

1.  Stator  stiffener  rings  removed. 

2.  Reduced  axial  spacing  between  rotor  hub  and  rear  frame  dishpan. 
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3.  New  steel  Inlet  vene  with  IV- 5 A  contour  and  depth  relative  to  rotor 
blade  optimised. 

4.  XV- 5 A  type  scroll  modified  for  smaller  nozzle  passage  height  of  the 
LP2  buckets  and  incorporating  the  variable  area  feature. 

5.  Closer  forward  air  seal  clearances. 

* 

9.  Rear  frame  center-body  hole  covered. 

Several  configuration  changes  were  made  and  investigated  during  the  LF2 
variable  area  scroll  test.  The  results  are  included  in  Table  VII  and  pro-  ^ 

vide  the  following  indications  concerning  the  performance  due  to  buildup 
configuration : 

1.  Stator  stiffener  rings  cause  a  2.3-percent  lift  decrement  at  the 
same  fan  speed. 

2.  Reduced  axial  spacing  provides  a  small  improvement,  as  indicated  by 
the  effect  of  covering  the  slip  ring  hole  in  the  rear  frame  dishpan. 

3.  The  fan  is  very  sensitive  to  inlet  vane  position,  as  indicated  by  the 
3.1-percent  decrement  resulting  from  repositioning  one  quadrant  of 
the  inlet  vane. 

4.  The  variable  area  scroll  should  have  no  effect  on  fan  lift-speed 
characteristic,  with  comparisons  being  made  at  maximum  scroll  area 
to  eliminate  any  differences  in  fan  turbine  thrust  due  to  scroll  arc 
differences . 

5.  A  relatively  small  lift  increment  (0  "  percent)  is  indicated  for  im¬ 
proved  forward  air  seal .  The  actual  amount  of  improvement  from  the 
first  LF2  buildup  is  not  known  but  is  estimated  to  be  relatively 
small  compared  to  the  the  total  9.5-percent  increment. 

6.  Covering  the  slip  ring  hole  in  the  fan  rear  frame  showed  small  lift 
increase  of  0.4  percent,. 

7.  The  fan  exhibited  throttling  sensitivity  greater  than  indicated  by 
X353-5B  experience.  Increased  throttling  sensitivity  coupled  with 
any  other  configuration  problem  could  cause  larger  than  expected 
performance  losses . 

a 

With  the  exception  of  the  variable  area  scroll,  all  of  the  above  items 
contributed  to  the  fan  performance  improvement,  with  the  largest  incre¬ 
mental  change  being  attributed  to  the  closer  attention  given  to  correct 
inlet  vane  position. 

A  comparison  of  fan  speed  versus  available  fan  horsepower  with  the  com¬ 
parable  characteristic  determined  from  the  first  LF2  test  is  shown  in 
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Figure  320.  These  data  indicate  that  the  LF2/VAS  fan  requires  approxi¬ 
mately  16  percent  less  available  fan  horsepower  to  operate  at  the  same 
fan  speed.  The  configuration  changes  that  may  account  for  a  small  part 
of  this  improvement  are  the  new  fan  turbine  and  the  XV- 5A  type  double¬ 
entry  scroll  incorporating  the  variable  area  modifications.  The  new  tur¬ 
bine  is  aerodynamically  the  same  and  should  cause  no  performance  change. 
The  scroll  losses  were  expected  to  be  lower  by  a  small  amount,  but  the 

*  factor  that  may  have  contributed  most  significantly  was  the  improved 
scroll  to  turbine  passage  matching. 

FAN  TIME  CONSTANTS  BASED  ON  SINUSOIDAL  INPUT  TEST  RESULTS 

♦  Comparison  of  fan  response  characteristics  for  both  step  Inputs  and  sinu¬ 
soidal  inputs  is  possible  because  the  sinusoidal  response  characteristics 
can  be  changed  to  an  effective  time  constant  once  the  intersection  of  the 
two  asymptotes  is  known.  This  relationship  of  asymptotes  has  previously 
been  discussed.  The  time  conucant  is  then  related  to  the  frequency  at 
the  intersection  or  so-called  break  in  the  attenuation  diagram  as  given 
below: 
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This  relationship  of  time  constant  and  frequency  is  shown  in  Figure  321. 

The  data  obtained  during  the  sinusoidal  test  program  were  converted  to 
time  constants  and  are  presented  in  Figures  322  and  323.  Engine  power 
settings  of  95  and  100  percent  are  shown.  The  data  are  presented  for  two 
conditions:  one  for  a  constant  amplitude  of  scroll  area  change  as  a  func¬ 
tion  of  nominal  scroll  actuator  position,  and  the  other  for  a  constant 
nominal  scroll  actuator  position  as  a  function  of  the  amplitude  of  the 
sinusoidal  variation  of  scroll  actuator  position. 

The  data  show  that  the  nominal  scroll  setting  has  a  negligible  effect  on 
the  time  constant,  at  least  for  the  full  range  of  the  test  VAS.  This 
effect  will  be  discussed  in  detail  in  the  analog  simulator  results.  The 
characteristics  also  show  that  the  optimum  time  constant  exists  at  a 
scroll  area  change  of  about  plus  or  minus  20  percent .  This  characteristic 
is  probably  the  result  of  test  accuracy,  since  the  analog  simulation  to 
be  described  later  did  not  show  this  effect.  The  analog  showed  optimum 
time  constant  at  infinitesimal  scroll  area  changes. 

A  similar  analysis  of  the  tests  with  the  jazzer  can  be  performed,  and  the 
results  are  shown  in  Figure  324.  In  this  case,  the  fan  time  constant  is 
plotted  against  the  jazzer  m  factor.  The  results  show  that  with  the 
jazzer  the  fan  time  constant  can  be  reduced  from  about  0,38  to  less  than 
0.10.  However,  to  obtain  this  level  of  time  constant,  an  overshoot  of 
about  1  decibel  was  experienced  at  about  0,4-cycle-per-second  impressed 
frequency. 
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THE  EFFECTS  OF  THE  JAZZER  ON  FAN  RESPONSE 


The  effects  of  the  jazzer  on  fan  response  to  sinusoidal  Inputs  can  be 
derived  theoretically  once  the  basis  for  response  characteristics  for 
sinusoidal  inputs  is  known.  Figures  325  and  326  present  the  results  of 
such  an  analysis.  Previous  analysis  of  the  jazzer  circuit  shows  that  the 
attenuation  of  a  fan  with  Jazzer  Is  the  sum  of  the  basic  fan  and  jazzer 
attenuation,  in  decibels,  at  a  particular  impressed  frequency.  Similarly,  * 

the  phase  shift  is  the  sum  of  the  two  phase  shift  angles.  This  relation¬ 
ship  was  used  in  defining  the  curve  shown  in  Figures  325  and  326. 

A  typical  fan  response  characteristic  without  the  jazzer  is  shown  as  the 
solid  lines  in  the  figures.  This  characteristic  is  based  on  an  assumed  * 

fan  time  constant  of  0.45  second.  Both  phase  shift  and  attentuation 
characteristics  are  shown.  The  jazzer  response  is  also  shown  for  the 
particular  jazzer  m  and  Tj  values  used  in  the  test.  Combining  the  jazzer 
and  fan  response  characteristics  results  in  the  curve  as  shown  by  the 
solid  line.  The  dashed  curves  on  the  figure  show  the  test  results  obtain¬ 
ed  for  the  same  jazzer  settings.  Excellent  agreement  of  the  test  results 
is  shown. 

COMPARISON  OF  FAN  TIME  CONSTANTS  FOR  STEP  AND  SINUSOIDAL  TYPES  OF  INPUTS 


Since  the  fan  response  was  obtained  for  conditions  of  step  inputs  as  well 
as  sinusoidal  inputs,  a  comparison  of  these  two  sets  of  test  results  is 
desirable.  Such  a  comparison  of  fan  response  without  jazzer  is  shown  in 
Figure  327.  The  comparison  with  jazzer  is  shown  in  Figure  328.  For  both 
cases,  the  time  constants  with  step  Inputs  are  of  higher  level  than  for 
similar  conditions  with  sinusoidal  inputs.  This  difference  may  be  attri¬ 
buted  partly  to  the  effects  of  actuator  slew  rate  on  fan  performance. 

The  curves  in  Figure  329  show  the  conditions  when  actuator  slew  rate 
affects  performance  with  sinusoidal  type  of  inputs.  This  figure  shows 
the  regions  of  frequency  and  amplitude  that  are  not  influenced  by  the 
slew  rate  limit.  Three  actuator  slew  rates  are  shown.  Operation  on  the 
left  side  of  the  slew  rate  line  is  free  of  actuator  slew  rate  effects, 
and  to  the  right  the  actuator  motion  will  be  limited  by  the  slew  rate. 

For  the  VAS  test  program,  the  slew  rate  could  be  adjusted  and  was  set  at 
about  0.2  second.*  Therefore,  for  scroll  actuator  sinusoidal  inputs  of 
plus  or  minus  20  percent,  actuator  slew  rates  are  insignificant  at  im¬ 
pressed  frequency  below  4.C  cycles  per  second. 


» 


♦Actuator  design  criteria  set  a  maximum  slew  rate  of  0.4  second  at  full 
design  load.  The  slew  rate  for  the  test  program  was  set  at  0.2  second 
for  the  no-load  condition.  No  measurable  change  in  slew  rate  was 
observed  for  the  operational  load  conditions. 
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However,  for  the  case  of  step  inputs,  the  actuator  slew  rate  Is  always 
a  contributing  factor.  At  the  instant  that  a  step  input  is  commanded, 
the  actuator  begins  moving  at  the  slew  rate  limit  until  the  final  com¬ 
manded  level  is  achieved.  The  time  required  to  move  from  the  initial  to 
the  final  level  is  a  function  of  slew  rate,  as  shown  in  Figure  330.  For 
slow  slew  rates  and  large  step  inputs,  the  time  required  to  reach  the 
command  levels  becomes  very  significant  relative  to  the  fan  response 
rates.  For  example,  with  a  0.2-second  slew  rate  and  a  step  command  of 
20  percent,  the  time  to  slew  is  0.04  second  as  compared  to  a  fan  time 
constant  of  about  0.4  second.  It  is  apparent  that  the  actuator  slew 
rate  can  increase  the  fan  time  constants . 

The  effects  of  actuator  slew  rate  with  jazzer  during  step  inputs  are  more 
pronounced.  For  the  case  with  the  jazzer,  the  input  commands  are  modified 
to  an  overshoot  level  followed  by  an  exponential  washout  effect  as  pre¬ 
viously  shown  in  Figure  6.  The  actuator  slew  rate  significantly  affects 
the  level  of  overshoot,  because  part  of  the  exponential  washout  occurs 
before  the  actuator  actually  reaches  the  command  level.  This  effect  then 
reduces  the  level  of  the  jazzer  overshoot  significantly.  These  effects 
are  shown  in  Figure  331. 

This  curve  shows  thpt  for  a  step  input  of  10  percent,  a  jazzer  m  of  3.0, 
and  a  slew  rate  of  0.2  second,  the  overshoot  level  is  about  85  percent. 
Therefore,  for  a  jazzer  m  of  3.0,  the  overshoot  will  be  about  2.6  rather 
than  the  desired  level  of  3.0.  This  effect  contributes  to  the  difference 
in  fan  with  jazzer  response  for  step  and  sinusoidal  inputs  as  previously 
shown  in  Figure  328. 

FAN  RESPONSE  USING  ENGINE  THROTTLES  FOR  HEIGHT  CONTROL 


Numerous  tests  were  run  to  determine  the  fan  response  to  step  inputs  of 
core  engine  power  level.  These  results  have  previously  been  shown  in 
Figures  221  through  224.  An  interesting  correlation  of  these  data  is 
possible  and  is  shown  in  Figure  332.  The  figure  shows  the  effects  of 
scroll  area  on  fan  response  for  small  changes  in  fan  speed.  The  in¬ 
creased  scroll  area  improves  the  fan  response  considerably.  Fan  response 
also  decreases  as  the  size  of  the  fan  speed  change  increases.  The  upper 
curve  in  the  figure  shows  that  for  a  10-percent  change  in  fan  speed,  the 
time  constant  is  about  double  the  level  for  a  very  small  speed  change. 

CORRECTION  OF  FAN  THRUST  RESPONSE  CHARACTERISTICS  FOR  LOAD  CELL  RESPONSE 


»  Prior  to  the  test  program,  it  was  apparent  that  the  response  character¬ 

istics  of  the  load  cell  system  were  not  adequate  for  this  test  program. 
Because  the  system  was  designed  primarily  for  steady-state  response  test¬ 
ing  of  the  X353-5  fan  system,  it  was  not  desirable  to  attempt  to  improve 
the  response  of  the  system.  In  lieu  of  this,  the  time  constant  of  the 
thrust  system  was  measured  and  found  to  be  0,47  second,  as  shown  by  the 
test  results  in  Figure  187.  Knowing  this  time  constant,  tne  response  of 
the  load  cells  to  sinusoidal  Inputs  shown  in  Figure  333  can  be  obtained. 
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This  correction  due  to  load  cell  response  was  then  applied  to  the  fan 
response  characteristics  based  on  thrust,  shown  in  Figures  205,  208,  and 
211.  The  resulting  corrected  response  characteristics  are  shown  in  Fig¬ 
ures  334  through  336.  The  measured  fan  speed  characteristics  are  also 
shown  on  the  figures.  The  applied  correction  to  the  thrust  data  does 
tend  to  show  the  desired  agreement,  but  is  not  accurate  enough  to  evaluate 
system  performance  using  the  measured  thrust  response  characteristics . 

Thrust  performance  during  the  analog  simulation  is  much  more  accurate,  % 

and  the  data  will  be  used  for  analysis  rather  than  actual  test  results. 

DISCUSSION  OF  ROTOR  BLADE  STRESSES 

The  blade  stress  data  presented  in  Figures  256  through  263  are  charac-  * 

terized  by  a  series  of  stress  peaks  where  the  frequency  of  one  of  the 
blades  fundamental  modes  is  coincident  with  a  relatively  strong  excitation 
source.  If  these  peak  stresses  or  resonant  points  are  neglected,  the 
trend  shows  a  gradually  increasing  stress  level  as  fan  speed  increases . 

The  resonant  points  are  predicted  during  the  fan  design  and  are  usually 
presented  in  a  Campbell  diagram  such  as  Figure  269.  From  previous  turbo¬ 
machinery  experience,  it  is  known  that  excitation  forces  often  exist  at 
"n"  cycles  per  revolution,  where  "n"  is  an  integer  usually  related  to  the 
geometry  of  the  hardware  in  the  vicinity  of  the  rotor.  For  the  LF2  fan, 
the  four  front  frame  struts  in  front  of  the  rotor  probably  cause  the 
strongest  disturbance  in  the  air  flowing  through  the  fan  blades.  Thus, 
the  most  significant  excitation  should  occur  at  a  frequency  of  4  cycles 
per  revolution  or  multiples  thereof;  i.e.,  4  per  revolution,  8  per  revo¬ 
lution,  12  per  revolution,  etc. 

By  correlation  between  the  stress  peaks  and  the  Campbell  diagram,  the 
most  significant  resonant  points  can  be  determined.  Table  VIII  sum¬ 
marizes  these  resonant  points. 

The  level  of  the  blades  vibratory  stress  is  directly  related  to  the  magni¬ 
tude  of  the  excitation  source.  The  magnitude  of  the  excitation  force  is 
largely  determined  by  the  relative  velocity  of  the  air  to  the  fan  blading, 
whether  the  excitation  is  the  relatively  strong  "n"-per-revolution  type 
or  whether  it  is  the  weaker  random  airflow  noise  type.  The  increased 
relative  velocity  occurring  at  higher  fan  speeds  causes  the  increase  in  ' 

blade  stress  activity  noted  in  the  data.  The  exit  louver  vector  angle 
effect  on  blade  stress  in  Figure  267,  which  indicates  slightly  lower 
blade  stresses  as  the  vector  angle  is  increased,  can  be  explained  in 
terms  of  the  change  in  relative  air  velcoity.  The  throttling  effect  of 
the  higher  vector  angles  reduces  the  velocity  of  the  airflow  through  the 
fan  and  results  in  a  lower  relative  velocity  for  the  blades  at  a  given 
fan  speed.  Tnis  trend  should  continue  until  the  throttling  becomes  severe 
enough  to  approach  a  fan  stall  condition.  Operation  near  stall  can  cause 
blade  flow  separation  and  greatly  increased  nonsteady  airflow  excitation 
and  can  result  in  greatly  increased  blade  stress  levels. 
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The  effects  of  scroll  area  variation  on  the  fan  blade  stress  response 
in  its  fundamental  modes  were  not  expected  to  be  significant.  The  data 
for  tbe  first  flexural  mode  in  Figure  264  indicate  little,  if  any,  effect. 
The  second  flexural  mode  results  of  Figure  265  show  conflicting  trends 
at  the  different  vector  angles  included  in  the  figure.  The  data  scatter 

obtained  would  indicate  that  the  change  in  stress  level  is  small. 

The  36  mode  response  as  observed  on  blade  strain  gage  data  is  influenced 

somewhat  by  scroll  area  as  shown  in  Figure  266.  This  mode  of  vibration 

forms  a  standing  wave  characterized  by  axial  displacement  of  the  wheel 
periphery  in  a  sinuosidal  pattern  having  six  nodal  points  located  on 
three  equally  spaced  diameters.  At  the  rotor's  critical  speed,  approxi- 
*  mately  1965  revolutions  per  minute,  it  is  easily  excited  in  this  mode  by 

circumferential  pressure  or  flow  distortions  which  can  be  in  phase  with 
all  or  a  portion  of  the  sinusoidal  displacement.  The  partial  admission 
turbine  is  a  readily  available  source  for  such  a  distortion,  and  the 
variation  of  admission  arc  can  affect  the  phase  relationship  of  the  dis¬ 
tortion  and  the  wheel's  axial  displacement,  thereby  affecting  the  magni¬ 
tude  of  the  response.  On  this  basis,  a  small  admission  arc  coincident 
with  one-half  cycle  of  the  displacement  might  be  expected  to  have  higher 
response  in  the  30  mode,  and  the  data  of  Figure  266  indicate  such  a  trend. 
The  off-design  operation  of  the  turbine  which  occurs  at  the  smaller  scroll 
areas  causes  an  increased  axial  pressure  difference  across  the  turbine 
which  may  also  tend  to  increase  the  wheel's  response  at  small  scroll  area 
areas . 

A  test  run  was  made  with  the  inlet  turning  vane  removed  to  evaluate  the 
vane's  effect  on  fan  performance.  This  run  was  restricted  at  2100  revo¬ 
lutions  per  minute  fan  speed  because  of  high  blade  stresses.  The  curves 
of  Figure  268  compare  the  blade  stress  data  for  runs  with  and  without  the 
inlet  vanes.  The  greatly  increased  stress  level  observed  when  operating 
with  no  inlet  vane  is  largely  due  to  the  separated  and  turbulent  airflow 
entering  the  fan  over  the  small-radius  bellmouth.  Note  that  the  stress 
peaks  at  resonant  points  are  not  increased  as  much  as  the  stress  level  at 
fan  speeds  between  resonant  points.  This  observation  would  be  expected, 
since  the  stress  level  between  resonant  points  is  largely  determined  by 
the  magnitude  of  airflow  turbulence. 

DISCUSSION  OF  TURBINE  BUCKET  STRESSES 

Turbine  bucket  vibratory  stresses  can  be  divided  into  two  categories. 

The  alternating  stress  imposed  by  the  gas  loading  of  the  partial  admission 
»  design  is  one,  while  the  other  consists  of  resonant  vibration  in  the 

bucket's  fundamental  modes.  The  overall  stress  level  data  in  Figures  270 
through  276  include  contributions  from  both  categories. 

The  characteristic  of  gradually  increasing  stress  level  with  increasing 
fan  speed  and  the  occurrence  of  stress  peaks  at  certain  fan  speed  is  to 
some  extent  similar  to  blade  stress  data.  The  stress  peaks  are  more 
numerous,  however,  and  they  are  more  difficult  to  correlate  with  physical 
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obstructions  to  the  gas  flow. 

Two  additional  observations  can  b«  mads  by  studying  tbs  overall  bucket 
stress  data:  (1)  Operating  at  reduced  scroll  areas  significantly  lowered 
tbe  level  and  peaking  characteristics  of  the  bucket  stress.  (2)  A  rela¬ 
tively  large  change  occurred  in  stress  activity  after  run  7,  Figure  270. 

The  data  from  the  U2  demonstrator  test  are  shown  in  Figure  270  with  % 

LF2/VAS  results,  and  the  general  level  of  stress  is  the  same  for  the  two 
tests.  All  bucket  stress  data  gathered  after  run  7  indicate  stress  levels 
from  1.3  to  2  times  as  large  as  those  recorded  in  Figure  270. 

This  difference  is  not  understood  at  the  present  time,  but  further  analysis  * 

of  the  stress  data  may  uncover  the  reason  for  tills  situation.  Analysis  of 
tbe  data  to  this  point  has  indicated  that  the  stress  level  is  correct  and 
not  an  instrumentation  recording  or  calibration  error. 

The  natural  vibratory  mode  of  most  significance  is  the  first  flexural  mode 
as  indicated  in  Figure  277.  The  first  flexural  frequency  has  a  tendency 
to  be  lower  as  fan  speed  is  Increased  bet  muse  the  effect  of  reduced  mate¬ 
rial  stiffness  at  higher  operating  temperatures  more  than  offsets  the 
stiffening  effect  of  centrifugal  force.  Because  bucket  stress  peaks  did 
not  seem  to  be  related  to  physical  disturbances  occurring  as  "n"-per- 
revolution  excitation,  spectrum  analyses  were  made  of  the  bucket  stress 
signal  at  several  fan  speeds.  The  results  of  the  spectrum  analyses  have 
been  shown  in  Figures  278  through  280.  At  each  fan  speed,  the  data  reveal 
components  of  stress  at  every  multiple  of  the  one-cyde-per- revolution 
frequency  up  to  40  cycles  per  revolution.  Tbe  existence  of  this  multitude 
of  frequencies  at  even  multiples  of  the  one-per- re volution  frequency  and 
the  amplitude  distribution  indicates  that  the  stress  peaks  in  the  spectrum 
analysis  data  represent  the  sinusoidal  components  of  tbe  one-per- re volu¬ 
tion  stress  caused  by  the  essentially  square-wave  loading  of  the  partial 
admission  turbine  design. 

The  one-per- revolution  component  amplitude  should  increase  linearly  with 
fan  speed  squared,  since  it  is  proportional  to  the  torque  input  to  the 
fan.  The  data  in  Figure  281  from  runs  1  and  11  show  that  this  stress 
component  does  increase  linearly. 

Tbe  stress  components  in  a  band  near  the  first  flexural  frequency,  980 
cycles,  have  relatively  high  stress  amplitude  because  of  tbeir  proximity 
to  resonance.  Tbe  bucket's  response  near  resonance  has  provided  tbe 
opportunity  to  evaluate  damping  characteristics  in  the  LF2/VAS  turbine  as 
described  in  one  of  the  folioring  sections  of  discussion  of  test  ’•esults. 

Scroll  area  changes  have  a  large  Influence  on  turbine  bucket  stress  levels. 

This  can  be  seen  very  readily  in  the  changing  amplitude  and  wave  form  of 
the  stress  signal  at  different  scroll  areas  shown  in  Figure  284. 

The  reduction  of  scroll  area  resultn  in  higher  amplitude,  partial-admission 
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loading  on  the  turbine  for  a  given  fan  speed,  since  the  torque  Input  to 
the  fan  oust  be  provided  by  fewer  turbine  buckets  in  the  active  arc.  This 
effect  is  shown  in  Figure  282,  where  the  fundamental  harmonic  of  the  one- 
per-revolution  stress  is  shown  in  a  ratio  form  as  a  function  of  scroll 
actuator  position.  Ths  anticipated  square-wave  stress  level  Is  shown  in 
the  figure  for  comparison.  The  large  discrepancy  is  a  result  of  the  data 
reduction  technique  which  provides  the  fundamental  sinusoidal  component 
,  amplitude  rather  than  the  square-wave  amplitude.  This  effect  tends  to 

cancel  the  actual  increase  in  partial  admission  stress  as  the  length  of 
the  admission  arc  is  reduced. 

In  Figure  283  the  overall  stress  level  is  shown  to  be  significantly  lowered 
e  when  the  scroll  area  is  reduced  and  fan  speed  is  held  constant .  This  re¬ 

duction  occurs  in  spite  of  the  increased  level  of  the  partial  admission 
load  discussed  in  the  previous  paragraph.  This  improvement  in  the  bucket 
stress  level  may  be  a  result  c.f  changing  the  effective  wave  form  of  the 
partial  admission  loading  or  of  eliminating  a  region  of  turbulent  gas  flow 
near  the  scroll  ends  as  the  scroll  area  is  closed  down.  It  is  possible 
that  an  improvement  in  the  vane  splitter-nozzle  flow  characterist ' cs  could 
help  to  reduce  the  bucket  stress  level  obtained  during  operation  at  100- 
percent  scroll  area. 

As  noted  before,  the  transient  operation  did  not  increase  the  stress 
levels  above  those  experienced  for  steady-state  operation  at  equivalent 
test  points.  On  this  basis,  as  long  as  vibratory  stresses  are  within 
limits  established  by  semi-infinite  life  criteria  throughout  the  operating 
range,  no  detrimental  effect  is  indicated  by  the  transient  data.  However, 
if  resonant  points  at  certain  fan  speeds  within  the  anticipated  operating 
region  cause  stresses  high  enough  for  marginal  part  lift,  ihe  repeated 
cycling  through  the  resonant  point  could  be  damaging  after  a  period  of 
time. 

DISCUSSION  OF  TORQUE  BAWD  STRESSES 

The  torque  band  function  in  the  LF2  rotor  is  to  transmit  tangential  driv¬ 
ing  forces  from  the  turbine  admission  arc  to  the  fan  blades  operating  in 
the  inactive  arc.  By  transmitting  this  force  through  a  continuous  band 
st  the  blade  tips,  the  fan  blades  are  not  subjected  to  the  large  stresses 
*  induced  by  transmitting  this  force  as  a  bending  moment. 

The  partial  admission  torque  force  produces  all  the  •'lternating  stresses 
observed  in  the  torque  band.  The  manner  in  which  this  torque  band  fo.ee 
varies  during  a  revolution  of  the  rotor  is  quits  different  from  the  tur¬ 
bine  bucket's  partial  admission  force.  While  the  turbine  bucket  has  a 
b^usre-wave  type  loading  due  to  sudden  application  and  removal  of  gas 
flow  at  the  scroll  ends,  the  torque  band  load  varies  in  a  nearly  sinusoidal 
manner . 

In  Figure  288  the  overall  torque  band  stress  level  is  shown  to  increase  as 
the  scroll  ares  .s  reduced  and  fan  speed  is  maintained  constant.  As  dis- 
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cussed  for  the  turbine  bucket,  this  increase  in  amplitude  is  necessary  to 
impart  the  same  rotor  torque  in  the-  smaller  admission  arc.  In  Figure  287, 
where  effective  area  is  used  instead  of  scroll  actuator  position,  the  re¬ 
duction  of  the  scroll  area  by  a  factor  of  cne-Lalf  results  in  a  stress 
increase  of  approximately  two.  This  is  in  keeping  with  the  assumption 
that  the  oue-cycle-per-revolution  partial  admission  stress  is  inversely 
proportional  to  the  admission  arc  area  for  constant  fan  speed.  This 
assumption  was  used  in  arriving  at  the  estimated  curve  in  Figure  282  for 
turbine  bucket  stress.  The  data  reduction  technique  has  no  cancelling 
effects  on  the  sinusoidal  stress  signal  from  the  torque  band  strain  gage 
similar  to  that  noted  for  the  square-wave  signal  of  the  turbine  bucket. 

DISCUSSION  OF  ROTATING  COMPONENT  TEKPE3ATUF5S 


In  Figure  289  the  rotor  component  temperature,'  are  shown  as  a  function  of 
core  engine  exhaust  gas  temperature.  From  these  data  the  turbine  bucket 
temperature  is  approximately  0.78  of  the  engine  exhaust  gas  temperature, 
the  torque  band  temperature  is  approximately  0.42  of  the  engine  exhaust 
gas  iemparature,  and  the  blade  tip  h«mg  temperature  is  approximately  0.35 
of  the  engine  exhaust  gas  temperature.  Toe  scroll  area  is  at  100-percent 
open  for  the  above  temperature  ratios  however,  the  data  in  Figure  290 
show  no  significant  change  in  component  temperatures  as  the  scroll  area 
ie  cuanged  with  engine  EGT  held  constant.  Note  that  these  data  are  obtain¬ 
ed  at  diff  rent  fan  speeds,  since  the  smaller  scroll  areas  result  in  re¬ 
duced  fan  speeds  at  constant  en_lne  power.  Any  extension  of  these  data 
to  larger  scroll  areas  must  be  adjusted  to  take  tbis  speed  variation  into 
account . 

The  bearing  temperatures  were  monitored  primarily  as  Bafety  instrumentation. 
The  data  in  Figure  293  show  quite  a  variation  in  temperature  versus  fan 
spt*'  depending  upon  the  history  of  the  test  run.  Another  influence  on 
bearing  tem,’  tures  is  the  test  duration.  Operating  temperatures  were 

lower  duri  \  .  latter  test  tuts  than  during  the  initial  runs.  This  has 

been  a  typical  experience  ^ith  grease-pa>»iced  bearings  in  lift  fan  rotors 
and  is  attributed  to  a  "run  in"  effect  requiied  to  establish  proper  lubri¬ 
cant  volume  and  movement  among  the  rolling  elements. 

The  tunnel  gas  temperatures  measure!,  aft  of  the  turbine  in  the  enclosed 
flow  path  on  the  inactive  side  of  the  fan  aic  important  in  determining  the 
temperature  environment  cf  rctor  turbine  components  during  a  portion  of 
their  rotation.  As  shown  in  Figure  295,  the  tunnel  gas  temperature  varies 
from  0.16  to  0.23  of  the  engine  EGT,  depending  upon  circumferential  loca¬ 
tion. 

The  circumferential  variation  shown  in  Figure  296  would  indicate  that  the 
turbine  gas  carried  into  the  tunnel  with  the  turbine  buckets  is  rapidly 
cooled  by  a  circulation  of  fan  air  through  the  air  seals. 
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turbine  bucket  response  characteristics 


Relative  response  of  the  turbine  bucket  system  at  resonance  can  be  obtain¬ 
ed  by  use  of  the  spectrum  analysis  characteristics  given  in  Figures  278, 
279,  and  280.  Tbe  procedure  used  in  obtaining  the  response  of  the  turbine 
bucket  is  described  below: 

.•  First,  it  was  assumed  that  the  turbine  bucket  flexural  response  *s  defined 

by  the  equation 


*. 


« 


where 


is  =  the  impressed  frequency  of  the  exciting  force 

uu  =  the  bucket  natural  frequency 
o 

C  =  the  damping  factor 


At  resonance  the  response  is  as  follows: 


(A/A  )  = 

o  resonance  2£ 

uu 

Also,  at  low  values  of  —  the  response  is  approximately  unity, 

o 

The  second  assumption  is  that  the  level  of  any  exciting  force  due  to  the 
scroll  discharge  flow  pattern  varies  directly  with  fan  speed  squared  and 
that  the  ratio  of  a  particular  harmonic  to  the  fundamental  is  a  constant. 
This  assumption  is  based  on  the  ideal  fan  performauce  laws  which  state, 
that  turbine  torque  is  proportional  to  fan  speed  squared  for  a  given  con¬ 
figuration. 

Making  use  of  these  assumptions,  it  is  possible  to  trace  a  particular 
harmonic  or  group  of  harmonics  through  the  resonance  condition  of  the 
turbine  bucket  and  therefore  obtain  the  turbine  bucket  damping  coeffi¬ 
cient.  The  procedure  is  iterative,  but  for  the  sake  of  explanation, 
assume  that  the  first  iteration  has  shown  that  the  bucket  re:.  nance  fre¬ 
quency  is  965  cycles  per  second  and  the  damping  coefficient  is  low,  per¬ 
haps  0.01  or  0.02,  Now,  to  trace  the  24th  harmonic  through  the  spectrum 
analysis,  begin  at  the  lowest  fan  speed  condition  of  1900  revolution per 
minute.  At  this  speed,  the  frequency  of  this  harmonic  is  as  follows. 


F 


1900 

60 


(24) 


760 
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Tram  the  spectrum  Analysis  the  stress  level  at  760  cycles  per  second  Is 
about  400  pounds  per  square  inch  and  the  frequency  ratio  q/oDq  is  0.788. 

At  this  frequency,  the  response  ratio  A/Aq  is  about  2.64  based  on  the 
equation  representing  the  bucket  response.  The  exciting  force  is  then 
400  divided  by  2.64  or  equivalent  to  151  psi.  Ho*  let  us  look  at  a  higher 
speed  point  at  a  fan  speed  of  2440  revolutions  per  minute .  At  this  speed 
the  frequency  of  the  24th  harmonic  is  876  cycles  per  second.  The  stress 
level  at  this  frequency  from  Figure  280  is  7400  pounds  per  square  inch. 
Belating  the  first  stress  level  of  151  and  correcting  for  fan  speed 
effects,  the  response  level  of  the  turbine  bucket  to  the  24th  harmonic 
is  obtained  as  folloes: 


This  relative  response  then  represents  a  single  data  point  as  shown  on 
Figure  337  that  was  plotted  at  976  cycles  per  second  and  2440  revolutions 
per  minute. 

This  procedure  was  repeated  for  each  of  the  data  points  sheen  in  the  fig¬ 
ure.  The  best  fairing  of  the  data  results  in  the  curve  as  shown.  At 
resonance  of  968  cycles  per  second,  the  relative  response  ratio  is  50. 
This  Infers  a  damping  coefficient  of  0.01  for  the  turbine  bucket  system. 

HABMOMIC  ANALYSIS  OF  TURD  DOS  KXCITIB0  F0BCS8 


A  second  type  of  performance  information  may  be  obtained  using  the  results 
of  the  spectrum  analysis  in  conjunction  with  the  bucket  response  character¬ 
istics  Just  previously  described.  Asswing  that  the  bucket  response  is  as 
shown  in  Figure  337,  each  of  the  levels  of  the  harmonics  shown  in  the 
spectrum  analysis  may  be  reduced  to  an  equivalent  level  as  a  percentage 
of  the  fundamental.  The  fundamental  is  the  relative  high  stress  level 
between  30  and  80  cycles  per  second.  From  each  spectrum  analysis  the 
level  of  the  nth  harmonic  is  read  from  the  data,  and  the  relative  level 
as  compared  to  the  fundamental  is  obtained  as  follows: 

V*i 

Relative  Amplitude  =  rrrr 


where  A  »  level  of  nth  harmonic  » 

n 

Aj  =  level  of  fundamental 

A/A  *  turbine  bucket  relative  response  factor  calculated 
0  at  the  frequency  of  the  nth  harmonic 
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This  procedure  was  used  to  obtain  the  characteristics  slunn  in  Figure  338 
for  the  three  high-speed  conditions.  The  results  show  the  following 
trends : 

The  second  and  third  harmonics  are  high  and  about  20  to  25  percent 
of  the  fundaaental. 

Harmonics  above  the  15th  that  are  in  the  range  of  turbine  bucket 
resonance  have  a  nearly  constant  amplitude  of  between  4  and  6  per¬ 
cent  of  the  fundamental. 

For  the  10th  and  16th  harmonic  conditions,  one  set  of  data 
indicated  higher  than  normal  levels.  Th.*se  two  conditions 
happen  to  coincide  with  the  fan  blade  first  flexural  and  first 
torsional  frequencies.  This  appears  to  be  blade  vibration 
exciting  the  turbine  buckets. 

The  above  analysis  is  the  case  for  a  partial  admission  scroll  of  168  de¬ 
grees  arc.  Closing  down  the  arc  by  uring  the  variable  area  scroll  appears 
to  change  the  level  of  these  exciting  forces  significantly.  However,  at 
the  time  of  this  report,  this  type  of  detailed  analysis  had  not  been  com¬ 
pleted. 


81 


THE  J85/LF2  ANALOG  COMPUTER  SIMULATION 


An  analog  computer  simulation  of  the  J85/LF2  variable  area  scroll  fan 
system  vas  developed  and  run.  The  analog  tosts  were  done  in  two  parts. 

The  first  analog  operation,  in  October  and  November  1965,  was  to  determine 
objective  dynamic  thrust  control  performance  for  the  hardware  demonstra¬ 
tion.  The  second  analog  operation,  conducted  following  the  If  2  fan  hard¬ 
ware  tests,  was  run  to  add  to  and  extrapolate  the  data  obtained  from  the 
hardware  test  so  that  a  complete  definition  of  the  LF2  power  transfer 
system  could  be  obtained.  The  two  analog  simulations  were  nearly  identical 
except  that  the  second  analog  simulation  included  a  more  sophisticated  duct 
circuit  which  more  accurately  calculated  the  duct  total  pressure  losses 
during  power  transfer  gas  flow  modulation. 

The  results  of  the  second  analog  operation  are  reported  in  this  section. 
Several  LF2  fan  hardware  test  points  were  run  to  insure  that  the  analog 
system  world  indeed  duplicate  the  LF2  system.  The  analog  system  simulated 
J85/J4  engines  (dry  J85-13),  while  the  hardware  test  used  engines  having 
lower  power  levels.  The  only  correction  to  the  analog  system  that  was 
required  to  duplicate  the  hardware  test  results  was  the  change  in  fan  avail¬ 
able  power  level. 

Thus,  a  true  analog  representation  of  the  J85/LF2  fan  system  has  been 
achieved  as  substantiated  by  actual  full-scale  If 2  hardware  tests,  and 
dynamic  thrust  control  performance  has  been  extrapolated  to  design  objec¬ 
tive  levels  of  variable  area  scroll  admission  arc.  Principal  analog  results 
were: 

1.  The  LF2  fan  hardware  test  results  have  been  accurately  duplica¬ 
ted  by  the  analog  simulation. 

2.  The  extrapolation  of  the  If2  hardware  test  results  to  a  200- 
degree  arc  of  admission  system  has  been  accurately  predicted 
by  the  analog  simulation. 

3.  Analytically  determined  fan  dynamic  response  has  been  verified 
by  the  analog  simulation. 

4.  A  fan  thrust  time  constant  of  0.31  second  for  small  (5  percent) 
step  changes  in  area  about  the  design  point  has  been  demonstra¬ 
ted.  Realistic  values  of  scroll  hydraulic  actuation  and  con¬ 
trol  system  dynamics  were  included. 

5.  Use  of  a  Jazzer  can  reduce  this  value  of  fan  thrust  time  con¬ 
stant  to  as  low  as  one-half  the  basic  value  without  overshoot. 

6.  A  fan  thrust  time  constant  of  about  0.25  second  can  be  obtained 
for  height  control  using  small  step  changes  of  fan  area  with  a 
jazzer. 

7.  A  fan  thrust  time  constant  of  0.10  second  can  be  obtained  for 
height  control  using  small  step  changes  of  the  engine  throttles. 


THE  AJiALOG  FACILITY 


Figure  339  shows  a  section  of  the  General  Electric,  Evendale,  analog  com¬ 
puter  laboratory. 

THE  SYSTEM  SIMULATION 

Figure  340  shows  a  simplified  block  diagram  of  the  analog  system.  The 
system  simulated  one  engine,  two  fans,  and  associated  ducting.  The  engine 
output  was  doubled  to  represent  a  two-engine  system.  Duct  dynamics  were 
incorporated  by  using  the  duct  to  satisfy  the  continuity  of  flow.  Flow, 
temperature,  and  pressure  were  the  principal  parameters  coupling  the  engine 
and  fans.  The  simulation  required  the  use  of  4  computer  consoles,  and 
used  130  amplifiers,  10  function  generators,  4  electronic  maps,  and  21 
multipliers.  Four  quarter-square  multipliers  were  used,  two  of  which  were 
borrowed  from  the  General  Electric,  Philadelphia,  analog  computer  labora¬ 
tory  for  this  simulation. 

The  J85/J4  Core  Engine  Simulation 

The  simulation  of  the  core  engine  was  based  on  a  model  having  an  aft  fan, 
with  a  balance  made  on  engine  discharge  (station  51)  variables.  Pressure, 
P51’  WaS  “  lnPut  to  the  eaff11*®;  temperature,  Tgl,  and  flow,  W&1,  were 

output  quantities.  Figure  341  shows  the  engine  block  diagram  and  Figure 
342  shows  the  engine  analog  wiring  diagram. 

Steady-state  engine  performance  is  shown  in  Table  X,  which  lists  the 
principal  engine  performance  parameters  as  functions  of  engine  speed. 

Engine  internal  cycle  transient  data  were  generated  using  the  digital  com¬ 
puter  decks  of  Evendale  and  Lynn.  The  engine  discharge  corrected  flow, 

W  /o^/S  ,  was  defined  as  a  function  cf  speed  by 

W‘2  -  5i 

where 

=  the  function  tabulated  in  Table  XI. 

The  compressor  discharge  corrected  static  pressure,  P  /6  ,  was  defined  as 

£  O  4 

a  function  of  speed  and  fuel  flow  by 

PS3/62  =  Y1  +  Y2 

where 

Yj  and  y2  =  functions  tabulated  in  Table  XI . 

The  steady-state  corrected  engins  discharge  pressure,  pjff/6 ,was  defined 
as  a  function  of  speed  and  fuel  flow  by 
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Pss/6  *  0  +  0 
d1/  2  W1  w2 


where 

0  and  0  =  functions  tabulated  in  Table  XI . 

X  2 

The  corrected  engine  discharge  temperature,  T51/02»  was  defined  fts  a 
function  of  engine  speed,  fuel  flow, and  engine  transient  discharge  pres¬ 
sure  by 

T51/62  =  (»51/»51)3 


where 

Y  and  Y  =  functions  tabulated  in  Table  XX. 

1  2 

AP  =  the  difference  between  the  instantaneous  value  and  the 
51  steady- state  value  of  engine  discharge  pressure  during  an 

engine  transient, 

dT  /dP  =  the  instantaneous  value  of  the  partial  derivative  of  dis- 
51  51  charge  temperature  with  respect  to  discharge  pressure  with 

speed  and  fuel  flow  held  constant.  This  derivative  is 
shown  :in  Figure  343. 

The  engine  unbalanced  torque,  Qfi,  is  defined  by  the  expression 

«.  -  "51  ‘W 


whare 


AP 


51 


the  difference  between  the  instantaneous  value  and  the 
steady-state  value  of  engine  discharge  pressure  during  an 
engine  transient. 

dQ  /dP  =  the  derivative  of  engine  unbalanced  torque  with  respect  to 
e  ^ discharge  pressure  with  speed  and  fuel  flow  held  constant. 
This  derivative  is  shown  in  Figure  344. 


The  engine  speed  was  found  by  integrating  the  unbalanced  torque: 


N 


e 


C  J  Q  /s 
e  e 


where 

N  =  engine  speed,  ro>? 
e 

C  =  conversion  constant  for  units 

J  s  engine  polar  moment  of  inertia,  lb'ft-sec 
e 

q  =  engine  unbalanced  torque,  ft- lb 
s  =  Laplacian  operator,  d/dt 
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The  Duct  Simulati'**! 


Figure  345  -lows  the  analog  block  diagram  for  the  duct.  Figure  346  shows 
the  due*  analog  wiring  diagram.  Continuity  of  flow  was  satisfied  by  use 
of  gas  law  in  the  form 

P.„  =  RT._/Vol  f  (W.  -  W  . )  dt 

52  52  J  in  out 

o 

where 

P52  =  crossover  duct  entrance  total  pressure,  psia 

R  =  gas  constant,  ft-lb/lb-°R 

3 

Vol  =  duct  volume,  ft 

W.  =  flow  into  the  duct  from  the  engines,  lb/sec 
in 

W  =  flow  absorbed  by  the  fans,  lb/&ec 
out 

The  total  pressure  drop  in  the  crossover  ducts  and  scrolls  (P  /P  )  ls 

shown  in  Figure  347.  The  pressure  drop  was  calculated  by  assuming  total 
pressure  loss  coefficients  (ui)  of 

Diverter  Valve:  0.24 
Crossover  Duct:  0.35 
Scroll:  0.55 

This  pressure  loss  coefficient,  w,  is  defined  as  the  total  pressure  loss 
between  two  stations  divided  by  the  difference  in  total  and  static  pres¬ 
sures  at  the  upstream  station.  In  symbols 

“  =  <PT1  "  PT2)/(PT1  "  PS1* 


where 

PT  =  total  pressure,  psia 
P  =  static  pressure,  psia 

O 

ana  where  subscripts  1  and  2  denote  the  upstream  and  downstream  stations, 
respectively. 

The  Lift  Fan  Simulation 


Figure  348  shows  the  fan  block  diagram.  The  two  fans  were  identical. 
Figures  349  through  352  are  the  wiring  diagrams  for  the  two  fans. 

Figure  353  shows  the  wiring  diagram  for  the  fan  area  control.  The  tip 
turbine  map  is  shown  in  Figures  354  and  355.  The  map  defines  the  tip  tur¬ 
bine  energy  function,  Ah/h,  and  the  percentage  value  of  the  tip  turbine 
flow  function,  %cp  .  The  map  operating  line  is  shown  in  Figure  356.  The 

Dt 

fan  design  point  is  given  in  Table  XII. 
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The  map  value  of  the  enthalpy  function  (Ah)  map  was  corrected  by 


*54  t^corr  =  °-988  *54  <“>>«»  “  62  [8-501  <V10°°>  * 

\ _ y  -■  V. 


(1) 


7.955  (1  -  F)  (Np/1000)  J 

' - v - - ' 

(3) 


where 

W_ .  (Ah)  =  fan  absorbed  energy,  Btu/sec 
54  corr 

W_.  (Ah)  =  turbine  available  energy,  Btu/sec 
54  map 

and  where  the  three  corrections  are 

o  0.988  for  leakage  and  efficiency, 
o  end  loss,  proportional  to  fan  speed. 

o  windage  loss,  with  the  (1  -  F)  term  proportional  to  turbine  arc  of 
admission  and  with  a  second  term  proportional  to  the  cube  of  fan 
speed. 


The  tip  turbine  discharge  temperature,  T&5,  was 


T «  =  T.  -  (Ah)  /c 
55  54  map  p 


found  by 


where 

cp  =  specific  heat  ratio,  a  constant  in  this  simulation 
The  turbine  exit  area,  A ,  was  proportional  to  the  turbine  nozzle  area, 

Oo 

A54.  A  discharge  pressure  loss  coefficient,  of  0,06  was  assumed.  The 

turbine  downstream  conditions  were  found  by  satisfying  the  continuity  equa¬ 
tion. 


The  fan  torque  was  found  by  using  the  fan  laws.  The  turbine  torque  was 
found  by  using  the  relation 

HP_  =  (778/550 )W_  .  (Ah)  =  2rr  N.  T_/33,000 
T  54  corr  F  T 

where 

HP^  *  turbine  horsepower 

Nj,  =  fan  speed,  rpm 

T^,  =  turbine  torque,  ft- lb 

The  fan  speed,  Np,  was  found  by  integrating  the  unbalanced  torque: 

Tt  -  TF  =(2TT/60)Jo(d/dt)(NF) 
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where 

Tt  =  turbine  torque,  ft- lb 
T  =  fan  torque,  ft- lb 

F  2 
Jq  =  fan  rotor  polar  moment  of  inertia,  21.5  lb-ft-sec 

The  fan  thrust  was  found  from  the  fan  laws.  The  turbine  thrust  was  found 

from  the  thrust  function,  F_/W_ _/ T. _ .  an  input  function  of  P,„/P  _  . 

X  jo  jo  jo  amb 

Analog  Fan  Area  Defined 

Fan  area  refers  to  the  variable  area  of  the  turbine  scroll  nozzles.  Figure 
357  relates  the  analog  fan  area  to  arc  of  admission  and  to  tip  turbine 
flow  for  J85/J4  engines  at  100-percent  speed.  An  analog  area  of  100  per¬ 
cent  corresponds  to  the  design  point  area  of  96.22  square  inches  of  Table 
XII  and  a  tip  turbine  flow  equal  to  90  percent  of  the  discharge  flow  of  one 
engine.  At  this  design  poin*,  the  fan  speed  is  2740  rpm  and  the  fan  lift 
i3  7525  pounds. 

Figure  358  relates  analog  area  to  the  J85/LF2  test  hardware  scroll  actuator 
stroke. 

Steady-State  Fan  Performance 

The  solid  lines  of  Figure  359  show  steady-state  fan  speed  as  a  function  of 
analog  fan  area,  as  measured  on  the  analog  simulation.  The  dashed  lines 
show  the  fan  speed  as  measured  in  the  hardware  test.  These  test  values 
are  lower  than  the  analog  values  because  of  the  lower  energy  of  the  engines 
used  for  the  hardware  test.  The  circles  are  points  taken  from  Figure  313 
and  represent  extrapolation  of  these  hardware  test  data  to  the  full  J85/J4 
engine  power  leve'  of  100-percent  engine  speed.  There  is  good  correlation 
between  the  extrapolated  hardware  test  data  and  analog  data. 

The  solid  lines  of  Figure  360  show  fan  lift  versus  fan  analog  area.  The 
circles  OT-e  points  from  Figure  314,  and  show  the  extrapolation  of  hardware 
test  data  to  the  full  J85/J4  engine  power  level  at  100-percent  engine  speed. 
The  extrapolated  hardware  test  data  show  that  the  test  hardware  slightly 
exceeded  the  quoted  LF2  lift  performance  level. 

Figure  361  shows  fan  lift  versus  fan  speed.  The  solid  line  is  the  analog 
data  from  Figures  359  and  360,  Shown  for  comparison  are  data  from  four 
test  hardware  runs,  with  and  without  stator  stiffening  rings.  The  test 
hardware  slightly  exceeded  J he  quoted  JS5/LF2  lift  level.  Again,  there  is 
good  correlation  between  analog  and  hardware  test  performance. 

Effect  of  Actuator  Slew  Rate 


The  effect  of  actuator  slew  rate  (time  required  for  full  stroke  of  the 
scroll  area  actuator)  was  investigated  on  the  analog  by  performing  step 
changes  in  fan  area  of  5  percent  and  15  percent  from  an  initial  fan  area 
of  100  percent.  The  results  are  shown  in  Figure  362.  The  hardware  test 
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actuator  had  a  slew  rate  of  about  0.20  second.  The  slew  rates  shown  In 
Figure  362  are  for  analog  area  changes  equivalent  to  full  stroke  of  the 
test  hardware  actuator.  The  fan  time  constants  for  the  larger  fan  area 
steps  are  more  affected  by  the  value  of  actuator  slew  rate.  There  Is  only 
a  small  effect  on  the  fan  time  constants  for  changes  In  actuator  slew  rate 
between  0  seconds  (instantaneous  response)  and  0.20  second.  As  slew  rate 
increases  above  0.20  second,  the  effect  of  slew  rate  becomes  more  pro¬ 
nounced. 

Fan  Response  to  Area  Step  Changes  Without  a  Jazzer 

Figure  363  shows  a  recorder  trace  of  typical  analog  fan  response  to  a  step 
change  in  fan  area  without  a  jazzer.  Figures  364  and  365  show  the  analog 
results  for  fan  speed  time  constants  for  positive  and  negative  step  changes 
in  fan  area  at  100-percent  engine  speed.  The  slight  scatter  in  the  data 
is  due  to  the  inability  to  measure  wore  accurately  the  time  constants  from 
the  analog  chart  recorder  traces.  Figure  366  summarizes  these  data.  The 
solid  line  denotes  a  positive  area  change  (step-up)  in  fan  area,  and  the 
dashed  line  denotes  a  negative  change  (step-down)  in  fan  area.  The  fan 
responds  quicker  to  a  step-up  than  to  a  step-down  in  fan  area.  This  is 
explained  by  referring  to  Figures  359  and  360.  Fan  speed  and  thrust  are 
nonlinear  functions  of  fan  area,  so  that  a  step-down  in  fan  area  requires 
a  larger  speed  and  thrust  change  than  does  an  equal-size  step-up  in  fan 
area.  At  100-percent  fan  area,  the  fan  speed  and  thrust  time  constants 
are  0.31  second,  which  agrees  with  previously  calculated  values. 

Figures  3b7  and  368  compare  the  analog  and  the  hardware  test  results  for 
fan  speed  time  constants  for  step  changes  in  fan  area  without  a  jazzer. 
Shown  are  the  fan  speed  time  constants  versus  initial  fan  speed  for  three 
sizes  of  step  changes  in  fan  area.  The  hollow  symbols  and  the  lines  are 
analog  results,  and  include  the  analog  data  from  Figures  364  and  365.  The 
solid  symbols  denote  hardware  test  data  for  two  engine  power  settings  from 
Figures  ~215  and  216,  and  use  the  samu  symbols  as  on  those  figures.  Scatter 
is  evident  in  the  hardware  test  data,  probably  due  to  reingestion  or 
cross-flow  effects.  Even  so,  there  is  good  correlation  between  the  analog 
and  hardware  test  results. 

Figures  369  and  370  show  the  analog  results  for  fan  thrust  time  constants 
for  positive  and  negative  step  chans**?  in  fan  area  at  100-percent  engine 
speed.  Figure  371  sunmarizes  these  results.  Again,  the  fan  responds 
faster  to  positive  than  to  negative  area  changes.  Figure  372  shows  these 
analog  fan  thrust  time  constants  as  functions  of  Initial  fan  speed. 

Fan  Response  to  Step  Changes  With  a  Jazzer 

The  Jazzer  was  explained  on  page  6.  Figure  373  shows  a  recorder  trace  of 
typical  fan  response  to  step  changes  in  fan  area  with  a  Jazzer. 

Figures  374  and  37a  show  the  analog  fan  speed  and  fan  thrust  tlms  constants 

as  functions  of  the  two  jazzer  parameters,  Jazzer  magnification  factor,  m, 

and  Jazzer  washout  rate,  r.,  for  step  changes  of  +5  percent  and  +10  percent 

J 
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fro*  the  100- percent  design  tret.  The  points  on  the  ordinate  (at  ■  0) 

are  from  Figures  364  and  369  for  no  jazzer.  The  effect  of  the  Jazzer  is 
clearly  evident;  even  small  values  of  washout  rate  significantly  lower  the 
value  of  fan  time  constant.  Fan  thrust  leads  fan  speed  when  a  jazzer  is 
used,  so  t^at  the  fan  thrust  time  constants  are  lower  than  the  fan  speed 
tiae  constants. 

For  a  given  value  of  Jazzer  signification,  increasing  the  value  of  Jazzer 
washout  will  loweV  the  fan  tiae  constant  until  an  apparent  minimum  value  of 
fan  tiae  constant  is  reached.  Further  increases  iu  the  washout  rate  have 
no  effect  on  the  tiae  constant.  However,  increases  in  washout  rate  for  a 
given  nagnification  factor  do  Increase  the  amount  of  fan  speed  and  thrust 
overshoot.  Therefore,  the  washout  rate  should  be  chosen,  in  combine* ' ->n 
with  the  magnification  factor,  so  that  the  fan  time  constant  is  a  minimum 
while  the  fan  response  overshoot  is  kept  tc  an  acceptable  level. 

It  can  be  shown  that  when 


H  ♦  ■)  TJ  *  Tiu. 


=  jazzer  magnification  factor 

=  jazzer  washout  rate,  seconds 

s  fan  speed  or  thrust  time  const  „t,  seconds 


overshoot  would  Just  be  Impending;  i.e.  any  change  in  t  to  make  the 
product  term  (1  +  m)  Tj  larger  than  would  cause  some  overshoot  in 

the  fan  response.  The  dashed  lines  on  Figures  374  and  375  show  this  product 
term  (1  +  m)  Tj»  For  a  +5-pcrcvnt  step  change  in  fan  area,  a  Jazzer 

magnification  factor  of  1  will  decrease  the  fan  thrust  time  constant  by  30 
percent,  while  a  jazzer  magnification  factor  of  4  will  decrease  the  fan 
thrust  time  constant  by  about  52  percent  without  fan  thrust  overshoot. 


Fan  Steady-State  Frequence 


Figures  376  through  360  cospare  the  hardware  test  data  and  analog  data 
for  5  runs  without  a  Jazzer,  These  figures  are  copies  of  Fig  ures  197 
through  201,  with  the  analog  data  superposed.  There  is  good  correlation 
between  the  hardware  teat  results  and  the  analog  results. 


Figures  381  through  383  show  the  analog  results  for  three  area  changes 
about  the  design  arse  of  100  percent  without  a  Jazzer,  at  lOO-percent 
engine  i,^ed.  The  fan  speed  and  thrust  time  constants  agree  with  those 
on  Figures  363  end  371  for  step  lnpots,  showing  that  the  analog  data  ere 
consistent  and  repeatable. 
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Figures  384  through  086  compare  the  hardware  teBt  data  and  analog  data  for 
three  runs  with  a  jazzer.  These  figures  are  copies  of  Figures  203  through 
205,  with  analog  data  superposed.  Again,  there  is  good  correlation  between 
the  •  ualog  results  and  hardware  test  results. 


Figures  387  through  390  show  the  analog  results  for  a  fan  area  change  of  100 
percent  ±5  percent  at  100-percent  engine  speed  for  jazzer  magnification 
factors  from  It  4.  The  Jazzer  washout  rate  was  chosen  to  give  between  V 

30  percent  and  40  percent  overshoot,  as  seen  by  the  positive  values  of 
attenuation. 

Figure  391  shows  typical  analog  area  response  with  overshoot.  Shown  are 
the  jazzer  output  area  and  the  actuator  output  arei.  The  input  area  has  a  *■ 

constant  amplitude,  while  the  jazzer  output  area  has  an  increasing  ampli¬ 
tude  due  to  the  effect  of  the  Jazzer.  The  actuator  follows  the  jazzer 
signal  until  a  frequency  is  reached  which  saturates  the  actuator;  i.e.,  the 
actuator  is  no  longer  able  to  follow  the  jazzer  command  because  of  the  slew 
rate  liuit  of  the  actuator. 


Figures  392  and  393  show  the  analog  results  for  a  fan  area  change  of  100 
percent  ±10  percent  with  jazz  -r  magnification  factors  1  and  3.  For  these 
runs,  the  Jazzer  washout  rate  wai.  chosen  to  avoid  overshoot. 

Figure  394  summarizes  the  results  o.’  steady-state  frequency  response  of 
the  fan  at  100-percent  area.  Shown  -re  fan  speed  and  thrust  time  constants 
as  functions  of  Jazzer  magnification  factor,  m.  The  two  effects  of  the 
jazzer  are  to  decrease  the  fan  time  constants  and  to  cause  the  fan  thrust 
response  to  lead  the  fan  speed. 


The  effect  of  the  jazzer  on  fans  for  roll  control  is  summarized  in  Figure 
39b.  Shown  are  the  fan  speed  and  thrust  time  constants  for  three  lines  of 
fan  response  labeled  a,  b,  c, 

where 

a  =  fan  response  to  step  Inputs  with  no  overshoot  (the  dashed  lines 
of  Figure  374) 


b  =  fan  response  to  step  inputs  with  overshoot, 
the  values  of  line  c,  from  Figure  394 


with  t 


chosen  to  match 


c  =  fan  steady-state  frequency,  from  Figures  387  through  390. 


Lines  b  and  c  are  not  coincident  because  during  step  inputs  the  actuator 
is  always  saturated,  while  for  steady-state  frequency  response  the  actuator 
need  not  be  saturated.  The  effect  of  actuator  response  (slew  rate)  on  fan 
time  constants  is  thus  seen  to  be  significant  when  a  Jazzer  is  used. 

(Recall  that  Figure  362  showed  that  actuator  slew  rates  between  0  and  0.20 
second  had  only  a  small  effect  on  fan  response  without  a  Jazzer.) 


Line3  a  and  b  show  the  docrease  in  fan  time  constant  possible  with  over¬ 
shoot,  Some  overshoot  in  fan  response  may  be  acceptable  even  desirable. 
However,  excessive  overshoot  will  be  objectionable. 


* 


A 
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Fan  for  Height  Control 


Aircraft  height  control  can  be  obtained  by  either  small  changes  in  engine 
throttle  setting  or  by  small  changes  in  total  fan  area.  Each  of  these 
methods  will  be  discussed. 

Using  fans  for  height  control,  the  areas  of  the  two  fans  are  opened  or 
closed  together  collectively  so  that  no  roll  control  force  is  generated 
while  the  total  area  change  is  sensed  by  the  engine  causing  a  change  in 
total  fan  lift.  Figure  396  shows  a  recorder  trace  of  typical  engine  and 
fan  response  to  step  changes  in  fan  area  for  height  control. 

Figure  397  shows  the  steady-state  ian  speed  and  thrust,  and  Figure  398 
shows  the  steady-state  engine  speed  and  exhaust  gas  temperature,  T51*  as 
functions  of  fan  area.  The  J85/J4  droop  governor  causes  the  decrease  in 
engine  speed  shown  on  Figure  398.  The  stray  data  point  on  Figures  397  and 
398  at  97-percent  fan  area  is  suspect;  it  could  be  an  incorrect  reading  or 
it  could  indicate  that  one  of  the  engine  cycle  functions  of  Table  XI  was 
incorrectly  programmed.  The  analog  data  for  fan  response  to  decreases  in 
fan  area  below  100  percent  are  therefore  suspect. 

Figure  399  shows  the  fan  speed  and  thrust  time  constants  for  step  changes 
in  fan  area  about  the  design  point,  at  100-percent  engine  speed.  The 
initial  fan  area  was  100  percent,  while  the  size  and  direction  (sign)  of 
the  step  change  are  indicated  on  the  abscissa. 

Figure  400  shows  similar  analog  data  for  step  changes  in  fan  area.  Here 
the  initial  area  is  indicated  on  the  abscissa; the  final  area  was  100  per¬ 
cent. 

The  trends  in  Figures  399  and  400  are  the  same;  for  area  changes  above 
100  percent  area,  the  fan  time  constants  are  unaffected  by  step  size  or 
direction,  while  for  area  changes  below  100  percent  area,  the  fan  time  con¬ 
stants  are  quite  sensitive  to  step  size  and  direction.  Even  with  a  jazzer, 
the  thrust  time  constant  is  oigh.  This  is  partly  explained  by  Figure  398. 
The  fan  performance  is  quite  sensitive  to  exhaust  gas  temperature,  T5^,  but 
T,..  changes  opposite  (in  sign)  to  fan  area;  therefore,  it  opposes  the  fan 
response  demanded  by  the  area  change.  (This  is  true  regardless  of  the 
suspect  data  point  on  Figures  397  and  398.)  Figure  401  shows  the  effect 
of  jazzer  washout  rate  on  fan  response  using  fans  for  height  control. 

Engines  for  Height  Control 

Figure  402  shows  a  recorder  trace  of  typical  analog  response  of  the  engine 
and  fan  to  step  changes  in  engine  throttle  setting  for  height  control. 

Figure  403  shows  the  time  constants  for  engine  speed,  fan  speed,  and  fan 
thrust  for  step  changes  in  engine  throttle  posit'  on.  A  fan  thrust  time 
constant  of  0,10  second  can  be  obtained  for  small  step  changes  of  engine 
throttle  position.  The  J85/J4  engire  control  causes  the  fuel  flow  and 
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exhaust  gas  temperature  to  overshoot  as  though  a  Jazzer  were  used,  as  Is 
evident  in  Figure  402.  This  causes  rapid  fan  response.  In  fact,  for 
small  throttle  changes,  the  fan  thrust  and  speed  response  are  more  rapid 
than  the  engine  speed  response;  i.e.,  the  fan  beats  the  engine  on-speed. 


COMPARISON  OF  GAS  POWER  TRANSFER  AND  THRUST  SPOILING  CONTROL  SYSTEMS 


« 
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Thrust  spoiling  using  the  exit  louver  system  was  the  method  of  control 
used  in  the  XV/5A  aircraft.  Control  is  obtained  by  pinching  together  the 
fan  louvers,  thereby  causing  a  change  of  fan  lift  with  no  change  of  power 
being  delivered  to  the  fan. 

The  LF2/VAS  system  uses  the  principle  of  gas  power  transfer  to  modulate 
the  lift  of  the  lift  fan  propulsion  systems.  The  variable  area  scroll  is 
the  device  that  permits  the  transfer  of  power  between  fans.  The  follow¬ 
ing  section  compares  the  steady-state  and  dynamic  performance  of  these 
two  systems. 

The  results  of  the  demonstration  test  and  analog  simulation  were  used  to 
obtain  the  variation  of  fan  lift  with  gas  power  transfer  for  the  variable 
area  scroll  system.  This  performance  is  shown  in  Figure  407  as  the  per¬ 
cent  change  in  fan  lift  as  a  function  of  percent  change  in  design  fan 
turbine  flow.  For  a  system  using  two  lift  fans  for  roll  control,  the 
combined  system  lift  and  control  forces  can  be  obtained  using  Figure  407. 
The  resulting  control  effectiveness  of  gas  power  transfer  is  shorn  in 
Figure  408  as  a  function  of  percent  of  design  fan  turbine  flow  modulation. 

Comparison  of  control  effectiveness  of  thrust  spoiling  and  gas  power 
transfer  must  be  made  at  an  equivalent  control  force  parameter.  This 
comparison  is  shown  in  Figure  408.  The  performance  of  the  gas  power 
transfer  system,  variable  area  scroll,  was  obtained  from  Figure  407.  The 
performance  of  the  thrust  spoiling  system  is  simply  the  lift  loss  required 
to  produce  the  desired  control  force.  The  figure  clearly  shows  the  dif¬ 
ferent  lift  losses  experienced  when  using  gas  power  transfer  and  thrust 
spoiling. 

Figure  409  is  a  comparison  of  the  dynamic  response  of  the  two  methods  of 
control.  The  response  of  the  gas  power  transfer  system  was  obtained  from 
the  analog  simulation  results  shown  in  Figure  374.  The  time  constant  for 
the  thrust  spoiling  system  was  designed  to  be  0.095  second  for  the  XV-5A 
system.  This  time  constant  is  simply  the  time  constant  of  the  exit  louver 
actuator  system.  The  thrust  response  of  the  fan  is  assumed  to  be  instan¬ 
taneous  for  this  type  of  control . 

Comparison  of  the  dynamic  response  of  the  two  systems  shows  that  the  time 
constant  for  the  gas  power  transfer  system  approaches  but  does  not  become 
less  than  that  for  thrust  spoiling.  A  good  comparison  woul  .  be  time  con¬ 
stants  of  0.15  to  0.20  second  for  gas  power  transfer  and  0.075  to  0.10 
second  for  thrust  spoiling.  The  higher  time  constant  of  gas  power  trans¬ 
fer  should  be  adequate  for  normal  aircraft  control  systems,  especially 
when  consideration  is  given  to  the  small  lift  losses  that  accompany  this 
type  of  control  system  using  gas  power  transfer. 
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CONCLUSIONS 


The  results  of  the  test  program  and  analog  simulation  Indicated  the  con¬ 
clusions  summarized  below: 

VARIABLE  AREA  SCROLL 

1.  Power  transfer  for  thrust  control  of  lift  fan  systems  can  be  obtained 
by  using  the  variable  area  scroll  for  gas  power  transfer. 

2.  The  variable  area  scroll  using  turbine  nozzle  splitter  vanes  for  area 
control  is  an  acceptable  design  based  on  mechanical  and  aerodynamic 
performance.  Deficiencies  in  turbine  nozzle  effective  area  of  the 
variable  area  scroll  were  observed.  Further  aerodynamics  tests  will 
be  required  to  fully  explore  this  problem. 

3.  Fan  dynamic  response  can  be  accurately  predicted  using  analog  simu¬ 
lation  of  the  complete  fan  system. 

4.  Fan  thrust  time  constants  for  the  LF2  system  are  0.31  second  for  roll 
control  at  a  design  speed  of  100  percent.  The  time  constant  can  be 
reduced  to  0.15  second  using  a  Jazzer.  Compared  to  estimated  require¬ 
ments  of  VTOL  aircraft,  the  time  constant  of  0.31  second  would  be 
marginal  while  the  0.15  second  time  constant  should  be  acceptable. 

5.  Fan  thrust  time  constants  for  height  control  are  much  shorter  when 
using  engines  for  control  than  when  using  fan  area.  The  time  con¬ 
stant  using  engines  for  control  will  be  about  0.10  second.  Height 
control  using  fan  area  with  the  jazzer  will  have  time  constants  of 
about  0.25  second.  The  0.25  second  time  constant  would  be  marginal 
for  height  control  of  a  VTOL  aircraft  while  the  0.10  second  value 
should  be  acceptable. 

6.  Fan  scroll  actuation  forces  for  the  splitter  vane  design  are  very  low 
and  compatible  with  existing  linear  hydraulic  actuator  design  capa¬ 
bility. 

FAN  AERODYNAMIC  PERFORMANCE 

1.  Performance  of  the  LF2  system  indicated  a  lift  of  7900  pounds  at  2750 
revolutions  per  minute.  This  level  of  performance  meets  or  exceeds 
objective  levels  established  by  the  X353-5B  system. 

2.  The  LF2  system  appears  to  be  more  sensitive  to  fan  discharge  throt¬ 
tling  than  the  X353-5B  system.  This  type  of  performance  does  not 
represent  a  serious  design  deficiency  but  is  a  performance  problem 
that  may  warrant  further  investigation. 

3.  The  LF2  fan  system  was  very  sensitive  to  inlet  vane  orientation. 


Further  investigations  of  effects  of  fan  inlet  geometry  on  fan  per¬ 
formance  are  required  to  fully  explain  the  problem. 

FAN  MECHANICAL  PERFORMANCE 

1.  Fan  blrde  stresses  were  as  expected  and  within  normal  operating  limits. 
Incorporation  of  the  variable  area  scroll  in  the  fan  system  did  not 
significantly  affect  fan  blade  stresses. 

2.  Excessive  turbine  bucket  stresses  existed  in  the  LF2  rotor  fan  con¬ 
ditions  of  maximum  area  scroll  and  high  fan  speeds.  Reduction  of 
scroll  area  and  fan  speed  produced  significant  reduction  of  turbine 
bucket  stress. 

3.  Fan  front  frame  structural  temperatures  may  be  a  problem  in  future 
fan  designs  as  indicated  by  higher  than  allowable  temperatures  during 
the  demonstrator  test  program.  Cooling  air  was  used  to  reduce  these 
temperatures. 
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APPENDIX 


DATA  REDUCTION  PROCEDURES 


All  parameters  uaad  is  the  calculation  of  engine  and  fan  system  aero- 
dynnalc  performance  were  recorded  by  the  digital  data  ayatea.  The  punch 
tape  data  froa  the.  digital  recorder  were  used  for  input  to  two  computer 
prograaa.  A  "guide-look",  tine-sharing  computer  program  converted  the 
digital  data  to  engineering  unite,  calculated  average  values  of  pressures 
and  temperatures,  and  perforned  a  few  additional  calculations.  The  saae 
digital  tape  was  used  for  input  to  another  prograa  compiled  especially  for 
the  need*  of  LF2  data  reduction..  It  performed  the  saae  functions  as  the 
tine-sharing  prograa,  but  the  calculation  portion  of  this  program  was  not 
limited,  as  it  was  in  the  time-sharing  program.  This  prograa  accomplished 
all  needed  calculations  to  coaplete  the  data  reduction  requirements  of  the 
LF2  systea. 

Engine  Inlet  Airflow 

The  lnlot  bellmout'  flow  calibration  was  perforned  as  a  part  of  the  engine 
checkout  procedure.  The  characteristics  of  the  engine  inlet  bellaouths 
were  assuaed  to  be  the  saae,  and  the  boundary  layer  tc‘*i  pressure  instru¬ 
mentation  was  installed  in  the  engine  2  inlet,  orly.  noth  inlet  bellaouths 
contained  four  static  pressure  elements  and  three  total  temperature  elemerts. 

The  following  procedure  was  used  to  determine  the  bellmouth  flow  calibra¬ 
tion  characteristics.  Assume  that  static  pressure  is  constant  over  the 
whole  area  and  equal  to  the  average  measured  value.  The  mainstream  total 
pressure  is  assuaed  to  be  equal  to  ambient  pressure.  Calculate  flow  per 
unit  at  each  of  the  boundary  laver  total  pressure  stations  and  In  the  main¬ 
stream.  Perform  the  summation, (AA),  over  the  total  flow  area  to  deter¬ 
mine  actual  flow.  Repeat  the  same  calculation  to  determine  a  theoretical 
flow  value  assuming  constant  inlet  total  pressure  equal  to  ambient  pressure 
across  the  complete  area.  The  bellmouth  flow  coefficient  is  equal  to  the 
actual  calculated  flow  divided  by  the  theoretical  value. 

The  bellmouth  flow  calibration  characteristic  is  generated  by  calculating 
airflow  for  a  range  of  values  of  AP,  ambient  total  pressure  minus  static 
pressure,  and  multiplying  calculated  flow  by  the  flow  coefficient. 

The  long  bulletnoae  waa  designed  for  the  J85-5  engine  installation  and 
would  not  fit  on  engine  1,  which  was  the  YJ85-3  engine.  Therefore,  rn 
additional  correlation  of  long  versus  short  bulletnoae  was  nece  sary.  The 
assumption  was  made  that  engine  2  corrected  flow  versus  corrected  speed 
characteristic  would  be  identical  for  long  and  short  bulletnose  instal¬ 
lations.  Using  the  bell.outh  calibration  characteristic  to  determine  air¬ 
flow,  and  comparing  calculated  airflow  values  at  the  same  corrected  engine 
■peed,  the  correction  factor  for  the  short  bulletnoae  calculation  is  1.066. 
If  the  full  effect  of  the  area  change  In  the  plane  of  the  instrumentation 
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were  assumed,  the  correction  factor  for  the  ahort  bulletnoae  would  be 
1.084.  The  full  effect  of  the  area  change  la  not  felt  due  to  the  close 
proximity  of  the  short  bulletnoae  to  the  inatruaentation  plane.  The 
engine  2  airflow  cal  .oration  curves  for  both  long  and  short  bulletnoae 
are  presented  in  Figure  404. 

Engine  Turbine  Discharge  Conditions 

Engine  turbine  discharge  gaa  flow,  is  calculated  as  follows: 


'5.1 


IB 


+  ». 


Compressor  interstage  bleed  air,  W  ,  is  a  function  of  corrected  engine 
speed  and  compressor  inlet  temperature.  Fuel  flow,  Wf,  is  measured  with 
a  calibrated  fuel  potter. 


Exhaust  gas  temperatures  are  determined  from  calibration  curves  of  indi¬ 
cated  harness  temperature  versus  measured  average  tailpipe  temperature. 

The  elements  of  the  turbine  discharge  total  pressure  rakeB  are  spaced  to 
be  in  the  center  of  equal  areas.  The  arithmetic  average  is  used  in  the 
calculations  and  represents  the  average  value. 

Dump  System  Flow  Calculations 

Existing  total  pressure  a  d  total  temperature  rakes  were  used  in  the  ducts 
of  the  dump  system,  and  the  elements  were  not  spaced  in  centers  of  equal 
areas.  The  gas  flow  in  the  dissp  ducts  was  determined  by  calculating  the 
flow  per  unit  area  at  each  total  pressure  element  and  then  summing  (V/A) 
(M)  over  the  complete  area.  In  the  flow  calculation,  average  static 
pressure  and  turbine  discharge  exhaust  gas  temperature  with  the  calibra¬ 
tion  correction  were  used.  The  measured  dump  duct  temperature  was  reliable 
initially  and  showod  close  agreement  with  calibrated  exhaust  gas  tempera¬ 
ture.  During  later  runs,  several  dump  temperature  elements  failed  and  ex¬ 
haust  gas  temperature  proved  to  be  the  more  consistent  and  reliable  indi¬ 
cation  of  dump  temperature . 


Flow  8pllt 

The  turbine  discharge  flow  of  each  engine  is  distributed  to  the  fan  scroll, 
the  overboard  dump,  the  diverter  valve  seal  leakage,  and  the  bleed  nozsle. 
The  flow  to  the  fan  scroll  is  calculated  as  follows: 


where 
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f  *  flow  to  fan  scroll  inlet 
3.  J 


diverter  vjlve  leakage 
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r 


-  flow  to  overboard  duap 

w  «  flow  to  bleed  nozzle 
9 

The  calculation  of  engine  turbine  dlacharge  flow  and  overboard  duap  flow 
has  boen  described  previously.  Diverter  valve  leakage  flow  is  assuaed  to 
be  a  constant  0.8  percent  of  turbine  discharge  flow.  The  bleed  nozzle 
flow  Is  calculated  for  choked  flow  at  aaxiau.u  engine  power  using  the 
relation 


where 


P_A 
tB  eB 


■  constant  ■  0.821 


Tg  ■  turbine  discharge  exhaust  gas 
teaperature  with  calibration 
correction,  degrees  Ranklne 

■  bleed  nozzle  inlet  total  pressure, 
pounds  per  square  inch  absolute 

A#b  ■  bleed  nozzle  effective  area, 
square  inches 


Bleed  nozzle  inlet  total  pressure  is  calculated  by  correcting  turbine  dis¬ 
charge  total  pressure  for  diverter  valve  and  cross  duct  loss  coefficients. 
To  get  effective  area  of  the  bleed  nozzle,  a  flow  coefficient  of  0.985 

was  assuaed: 


A#b  -  (0. 985)  (Ag) 

Engine  1  bleed  nozzle  area  was  18.?  square  Inches  and  the  flow  was  calcu¬ 
lated  to  be  16.55  percent  of  the  turbine  discharge  flow.  Engine  2  bleed 
flow  was  11.89  percent  of  turbine  dliicharge  flow  for  a  bleed  nozzle  area 
of  12.?  square  Inches.  Flow  to  the  fan  expressed  as  a  percentage  of 
turbine  dlacharge  flow  waa  calculated  as  follows: 
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-  (1  -  0.008  - 

W 

5.31 
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w  , 

W 

5.11 
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*5,32 

*  (1  -  0.008  - 
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W 

5.12 
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Horsepower  Calculation 


Energy  levels  iu  tens  of  Ideal  gas  horsepower  are  used  In  the  presentation 
of  fan  system  performance.  Ideal  gas  horsepower  Is  the  power  that  could  be 
utilized  in  an  ideal  expansion  of  the  gas  from  one  set  of  conditions  to 
another;  for  example,  the  engine  discharge  flow  when  expanding  fron  turbine 
discharge  pressure  to  ambient  pressure.  The  equation  for  this  ideal  horse¬ 
power  is 


HP. 
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778.26 

550 


CP  T5.1  W5.1 


Available  fan  horsepower  as  used  in  this  report  is  defined  as 


FHP 
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Lift  and  Thrust  Correction  for  Bleed  Nozzles 


Bleed  nozzles  installed  on  the  pitch  fan  legs  of  the  cross  ducts  produce 
thrust  that  contributes  to  both  the  horizontal  and  the  vertical  measured 
values.  The  gas  flow  -<n  each  bleed  nozzle  was  assumed  to  be  a  constant 
percentage  of  the  engine  discharge  f low,  and  the  procedure  for  determining 
these  values  was  described  earlier  under  "Flow  Split". 

Conical  nozzle  thrust  is  calculated  from  the  thrust  function,  Fg/W^T^, 
presented  as  a  function  of  nozzle  pressure  ratio  in  Reference  6.  Horizontal 
and  vertical  thrust  components  for  each  bleed  nozzle  were  calculated  using 
a  thrust  coefficient  of  0.99.  The  bleed  nozzles  are  directed  downward  at 
an  angle  of  16.5  degrees  from  vertical,  and  the  engine  1  bleed  nozzle  is 
directed  forward  while  the  engine  2  bleed  nozzle  is  directed  aft.  Using 
measured  data  from  run  17,  Figures  405  and  406  were  generated  to  show  the 
bleed  nozzle  lift  and  thrust  contributions  to  the  system  measurements  as 
a  function  of  core  engine  corrected  speed. 

Since  the  bleed  nozzles  are  directed  in  opposite  directions  from  the  stand¬ 
point  of  horizontal  thrust  components.  Figure  406  represents  the  differ¬ 
ence  between  the  two  components.  The  resulting  thrust  component  is  shown 
as  positive  and  has  the  same  direction  as  the  horizontal  component  of  exit 
louver  thrust  for  positive  vector  angles. 

Correction  Parameters 


* 
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Throughout  the  data  analysis  and  presentation,  measured  parameters  were 
corrected  to  standard  atmospheric  conditions.  These  corrections  are 
similar  to  those  used  in  all  parametric  presentation  of  jet  engine  per¬ 
formance.  The  correction  factors  are  defined  as  follows: 


100 


In  degrees  Rankine) 


t2 


518.688 

T 

tlO 

518.688 


t2 


14.696 


in  dogrees  Rankine) 

(Pt2  in  pounds  per  square  inch) 
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10 


tlO 

14.696 


(P^q  in  pounds  per  square  inch) 


Fan  and  engine  inlet  total  pressures  are  both  assumed  to  be  identical  to 
ambient  pressure,  and  the  62  and  6jq  corrections  are  equal. 

Corrected  Performance 


The  above  correction  parameters,  referred  to  standard  temperature  and 
pressure,  mere  tfcei,  sed  in  computing  corrected  performance  as  listed 
below: 
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>•' tational  speed 

N 

7 f 

Corrected 

airflow 

R/e 

6 

Corrected 

thrust 

F/6 

Corrected 

lift 

1/6 

Corrected 

temperature 

T/6 

Corrected 

pressure 

P/6 

Corrected 

fuel  flow 

wf/6/e 

Corrected 

horsepower 

HP/ 6/? 

Flow  Coefficient  and  Pressure  Coefficient 


Fan  aerodynamic  performance  is  usually  presented  ir  terms  of  flow  coef¬ 
ficient  and  pressure  coefficient.  These  parameters  were  computed  using 
the  following  equations: 

Pressure  Coefficient:  Y._  _  * 

10*  O 


Flow  Coefficient:  ^  ■ 


where 


“t 

p 

tl0.6 

Psl0.3 

Pa 


fan  tip  Mach  number 
fan  rotor  discharge  total  pressure 
fan  rotor  inlet  static  pressure 
ambient  pressure 


Fan  tip  Mach  number  is  the  ratio  of  fan  tip  speed,  UT>  to  fan  inlet  sonic 
velocity  based  on  inlet  total  temperature: 

„  „  NF 

1,  *  .  .1  .  =  n  F  6Q 

/ygh  Ttio.c  /ygR  Ttio.o 

Fan  inlet  static  pressures  and  fan  bulletnose  static  pressures  were  con¬ 
verted  to  flow  coefficient  for>a  for  data  presentation  purposes.  Similarly, 
fan  rotor  dis  charge  total  pressures  and  fan  hub,  dishpan,  static  pressures 
were  converged  to  pressure  coefficient  form, 

Pressure  Loss  Coefficient:: 


Pressure  loss  coefficient*  are  usea  to  define  the  losses  in  the  ducting 
from  engine  discharge  to  scrol1  nozzle  inlets  and  to  the  overboard  dump 
measuring  station.  The  loss  coefficients  were  calculated  as  follows: 


-  P  _ 
t5.i  sS 
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P  ■  engine  turbine  discharge  total  pressure 
1 1 

P  *  scroll  nozzle  inlet  static  pressure 

So 

P  P  =  dump  total  pressure 

q  =  turbine  discharge  dynamic  head 

D  •  i 

Ihe  scroll  nozzle  inlet  static  pressure  elements  were  located  at  the  ends 
of  each  scroll  arm; and  when  the  scroll  is  partially  closed,  6^  less  than 
i?0  percent,  it  was  assumed  to  be  an  indication  of  total  pressure. 


TABUS  I 


MATERIAL  PROPERTIES  FOR  COMPONENTS  OSES  IN  VARIABIf  AREA  SCROLL 


Material 

80%  Stress  Rupture,  pal 

%  Elongation 

Hastelloy  X 

15,200 

36 

Inconel  X 

35,000 

5 

L-605 

22,500 

16 

Ren^  41 

55,000 

6 
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TABLE  II 


VARIABLE  AREA  SCROLL  MECHANISM  AHD  ACTUATION  COMPONENT  WEIGHTS 


Conponent 

Quantity 

Weight, 

Pounds 

Biconvex  Splitter  Vetoes 
Flat  Splitter  Vanes 
Journals  and  Housings 
Levers 
Be 11 cranks 

Roller  Bearings  and  Nuts 
Tie  Bars  -  Aft 
Tie  Bars  -  Forward 
Slide  Brackets 
Can  Tracks 

Mechanical  Subtotal 

Serrated  Connector 
Couples 

Link  Support  Bracket 

Actuator  Support  Bracket 

Retainer 

Forward  Link 

Aft  Link 

Miscellaneous  Bolts 

Actuation  Subtotal 

Nonflight  Type  Actuator 

TOTAL 


24 

1.55 

12 

1.30 

72 

3.99 

24 

0.56 

12 

0.78 

19 

0.24 

6 

0.29 

6 

0.21 

12 
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TABLE  V 

_ STRESS  RATIOS*  FOR  GAGE  LOCATIONS _ _ _ 

~~  —  _ Stress  Ratio 

Location  of  Gage  Gage  Gage  Gage  Gage 

Mode  Maximum  Stress  1  2  3  4  5 


1st  Flexural  Airfoil  Tip,  Convex  Side  0,15  0.67  1.00  0.60  0.60 

at  0.60"  From  Tip,  1.5" 

From  Trailing  Edge 


2nd  Flexural  Airfoil  Root,  Concave  0.62  0.58  0.46  0.50  1.00 

Side  at  0.5"  From 
Trailing  Edge,  and 
Convex  Side  at  2.0" 

F’om  Trailing  Edge 


1st  Torsional  Airfoil  Trailing  Edge,  0.92  0.80  0.78  0.92  0.40 

Concave  Side,  5.5" 

From  Root  and  13.5" 

From  Root 


39,  20  and  Airfoil  Root  at  Lead-  0.87  C.65  0.10  0.22 

Gyro  ing  Edge 


♦Stress  ratio  is  the  ratio  of  stress  at  the  gage  location  to  the  maximum 
stress  in  the  blade. 


TABU  VI 


EFFECTS  OF  TEST  CONFIGURATION  ON  LIFT 
MEASURED  AT  A  FAN  SPEED  OF  2300  RPM 
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Improved 

Bleed 

Nozzles 

Scroll 

Position 

5560 

7 

Out 

Down 

On 

Open 

No 

No 

100% 

5430 

9 

In 

11 

it 

II 

11 

It 

It 

5360 

11 

*1 

M 

tt 

II 

11 

Yes 

-  70% 

5320 

15 

»« 

If 

ti 

it 

It 

It 

~  60% 

5360 

17 

It 

If 

»i 

It 

It 

II 

80% 

5380 

17 

»* 

II 

it 

Closed 

It 

11 

80% 

5210 

18 

!» 

Raised 

ti 

II 

•1 

H 

80% 

5500 

18 

If 

It 

Off 

II 

H 

ft 

80% 

Low 

18 

It 

Out 

It 

M 

It 

80% 

5720 

19 

It 

Down 

If 

1* 

Yes 

II 

80% 

5760 

19 

Out 

It 

If 

It 

It 

11 

80% 

TABLE 


_ COMPARISONS  OF  LIFT  I» 

Configuration  Changes 

Installing  Stator  Stiffener 

Installing  Bleed  Nozzles  (Estimated 
Effects  of  100%  to  70%  Scroll  Area 
is  about  1.8%) 

Covering  Slip  Ring  Hole 

Raising  Inlet  Vane 

Removing  Exit  Louvers 

Improving  Forward  Air  Seal 

Removing  Stiffener  Rings 
(Second  Time) 

Best  Estimate  of  LF2  Performance: 

Base  Lift  at  2300  rpm 
Cover  Hole  (+0.4%) 


Total 


AT  2300  RPM 


Lift 

Increments 

-2.3% 

-1.3% 

+0.4% 

-3.1% 

+5.6% 

+0.7% 

+0.6% 


5560  Pounds 
22  Pounds 


5582  Pounds 


TABLE  VIII 


STUKARY  OF  BLASE  STRESS  RESONANT  POINTS 
LF2/VAS  <6g  =  I00%)($v  «  0°) 


Fan  Speed  Peak  Stress  Level 


Ny  Frequency  1,000  pel 


rpm 

Tj/Rev 

cps 

Mode 

Gage  1 

Gage  3 

Gage  4 

1150 

16 

308 

1st  Flexural 

• 

4.0 

5.0 

1400 

20 

470 

2nd  Flexural 

4.0 

6.5 

8.5 

1610 

12 

325 

1st  Flexural 

- 

5.5 

9.0 

1800 

20 

610 

1st  Torsional 

5.0 

- 

8.0 

1850 

16 

498 

2nd  Flexural 

10.0 

10.0 

10.0 

1965 

3 

95 

3  Theta 

9.0 

5.0 

7.5 

2090 

10 

352 

1st  Flexural 

- 

8.0 

12.0 

2300 

14 

536 

2nd  Flexural 

6.5 

9.0 

12.0 

2380 

16 

628 

1st  Torsional 

6.0 

- 

10.5 

TABU  IX 


LF2  AND  X3S3-5B  VECTORING  CHARACTERISTICS  AT  CONSTANT  INPUT  GAS  HORSEPOWER 


Parameter 

LF2  (6S  =  80%) 

X353-5B  (6_  =  100%) 

O 

Indicated  Louver 
Angle, 

20.0 

30.0 

Actual  Turning 
Angle,  0v 

22.0 

32.0 

Fan  Speed  Ratio, 

V*F 

o 

1.0 

1.025 

Lift  Ratio,  L/L 

o 

0.891 

0.78^ 

Thrust  to  Lift 
Ratio,  F/Lq 

0.3K7 

0.490 

Total  Lift  Ratio, 

0,88 

0.924 

37.0 

17.7 

27.2 

33.2 

39.0 

22.0 

32.0 

39.0 

1.053 

1.007 

1.016 

1.027 

0.703 

0.^34 

0.847 

0.769 

0.565 

0.374 

0.530 

0.618 

0.902 

1.006 

0.999 

0.987 

We 

100 

99 

99 

97 

96 

95 

90 

85 

80 

75 

70 


TABLE  X 

STEADY  STATE  J8S/J4  CORE  ENGINE  PERFORMANCE  DATA 

2*3  Zfi  hi  h  h  Vp«3 

95.28  1795  36.41  44.85  2928  44.04  30.73 

93.69  1759  35.80  44.55  2818  43.76  30.08 

91.84  1726  35.10  44.08  2706  43.33  29.46 

89.60  1695  34.27  43.38  2583  42.66  28.83 

87.18  1665  33.39  42.58  2469  41.90  28.32 

84.34  1634  32.37  41.57  2343  41.19  27.78 

69.16  1498  27.21  35.64  1762  37.46  25.48 

58.31  1437  24.05  30.76  1430  33.73  24.52 

48.65  1378  21.53  26.25  1147  30.42  23.58 

43.82  1390  20.39  23.53  1043  27.53  23.80 

38.68  1407  19.26  20.59  935  24.31  24.17 


TABLE  XT 

ANALOG  ENGINE  CYCLE  PARAMETERS 


*1 

Vl 

0 

0 

0 

520 

940 

4.60 

8.74 

890 

1043 

5.55 

10.00 

993 

1150 

6.56 

11.25 

1093 

1430 

9.06 

14.40 

1351 

1762 

12.03 

18.00 

1651 

2343 

17,05 

23.60 

2166 

2928 

21.74 

29.05 

2654 

3550 

24.40 

34.05 

3141 

%N®/ $2  72  ^2  ?i 

70  i4.70  29.94  I. 0000  20.59 

75  14.84  __  33.80  0.8754  23.53 

80  14.99  37.40  0.7866  26.25 

85  15.00  43,90  0.6786  30.76 

9C  15.19  51.20  0.5923  35.64 

95  15.32  50,70  0.5141  41.57 

100  14.67  66.25  0.4804 

14.30  70,50  0.4680 


105 


44.85 

45.60 


TABLE  XII 

ANALOG  FAN  DESIGN  POINT  DATA 


2 

Nozzle  Area,  A..,  Inches  96.22 

54 

Nozzle  Area,  A54,  percent  100 

o 

Turbine  Exit  Area,  Agg,  inches  303.2 

Turbine  Flow,  W54,  pounds/second  40.04 

Turbine  Flow  Ratio,  W54/44.5O  0.90 

Engine  Discharge  Pressure,  Pgj,  psia  36.41 

Diverter  Valve  Discharge  Pressure,  P52,  psia  35.32 

Nozzle  Discharge  Pressure,  P54,  psia  33  73 

Bucket  Discharge  Pressure,  Pg5,  psia  16. 2S 

Duct  Pressure  Drop,  P54/P52  0.655 

Turbine  Pressure  Ratio,  P54/P55  2.078 

Engine  Discharge  Temperature,  Tgj ,  degrees  Rankine  1795 

Nozzle  Discharge  Temperature,  T54,  degrees  Rankine  1795 

Bucket  Discharge  Temperature,  T55,  degrees  Rankins  1539 

Nozzle  Flow  Function,  054  0.5227 

Nozzle  Flow  Function,  <t> 54,  percent  100 

Turbine  Torque,  TT,  foot-pounds  7320 

Fan  Torque,  Tp,  foot-pounds  7320 

Turbine  Horsepower,  HPji  3976 

Fan  Horsepower,  HPp  3819 

Windage  Loss,  horsepower  124 

End  Loss,  horsepower  33 

Fan  Speed  Np,  rpm  2740 

Turbine  Energy  Function,  (Ah/b)  map  0.1427 

Turbine  Energy,  (Ah)  map,  Btu/second  71.05 

Fan  Lift,  pounds  6715 

Turbine  Lift,  pounds  81C 

Total  Lift,  pounds  7525 
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Lift  Loss  +  Control 
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I 
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P 

c 

<D 

o 

Jh 

Q> 

& 


0  10,000  20,000  30,000 


VTO  Gross  Weight,  Pounds 


Figure  1.  Comparison  of  Lift  Losses  for  Full  Roll  Control. 


Takeoff  Gross  Weight 

Figure  2.  V/STOL  Aircraft  Control  Efficiency  Comparison 


Figure  4.  Variable  Area  for  Height  Control. 


Electrical  Circuit 


Figure  S,  Electrical  and  Mechanical  Jazzer  Systems 


Attenuation,  a.  Decibels 


0.1  1.0  10.0 

Ratio  of  Output  to  Input 


Figure  8.  Decibel  Conversion  Chart. 


130 


Figure  9.  Typical  Attenuation  and  Phase  Angle  Characteristics 
for  a  Jazzer  With  a  Magnification  Factor,  m,  of  1.0 


Figure  id.  0.2  Percent  Yield  Strength  For  Materials  U3ed  in  Variable 
Area  Scroll  Assembly. 


20  40  60  80 

Mean  Stress.  1000  psi 


Figure  11. 


Stress  Range  Diagram  for  Materials  Used  in  Variable  Area 
Scroll  Assembly . 
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Figure  12.  Scroll  (Drawing  4013007-008,  Sheet  1) 


I 


137 


Figure  13.  (Cont'd), 


A 


143 


Figure  14  . 


Physical  Fixed  and  Variable  Scroll  Turbine  Area 
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Figure  16.  Nozzle  Diaphragm  During  Manufacturing 


Front 


Scroll  Mechanism  and  Front  Frame  Flange 


Inches 


Scroll  Arms  for 


Relative  Gas  Horsepower  Available  to  .the  Turbine 


Percent  of  Core  Engine  Flow  Through  the  Scroll 


Figure  19.  Comparison  of  Performance  of  the  Two 
Methods  of  Nozzle  Area  Control. 
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ea 


Closed 


Open 


Scroll  Nozzle 
Partition 


Figure  21.  Flat  '-"Utter  Vanes  for  Scroll. 


♦ 

Figure  22.  Biconvex  Splitter  Vanes  for  Scroll. 
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Figure  25.  Splitter  Vane  -  Forward  (Drawing  4013007-639). 
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Figure  26.  Scroll  and  Splitter  Vane  Assembly  (Drawing  4013007-641). 
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vtcw  VB  P-4 


h 


Flat  Splitter  Vane  Angle,  &,  Degrees 


Figure  27.  Flat  Splitter  Vane  Throat  Ratio. 
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ltter  Vane  Angle, a,  Degrees 


Biconvex  Splitter  Vane  Throat  Ratio. 


2 


Scroll 


Figure  29.  Splitter  Vane  Assenbled  In  Scroll. 


Ix  =  0.000158  inf 

I  a  0.00569  inf 

y 

Kav  =  0.000624  in? 

2SV 

A  =  0.106  in? 


Figure  30.  Flat  Splitter  Vane  Section  Properties. 
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Ix  =  0.000239  in* 

I  =  0.00219  in* 

y 

K  *  0.000154  ii? 

sv 

A  «  0.0628  In? 


Fleur*  31.  Biconvex  Splitter  Vane  Section  Properties 


Scroll  Shell 


Figure  32.  Biconvex  Splitter  at  End  of  Scroll  Are. 


Figure  33.  Rework  of  Flat  Splitter  Vane  Camber. 
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Figure  34.  Aft  Lever  (Drawing  4013007-084) 
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Figure  36.  Aft  Tie  Bar  (Drawing  4013007  086) . 
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Figure  42.  Cam  Track  -  Center  (Drawing  4013007-117). 
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Figure  43.  Cara  Track  -  Aft  (Orawirg  4013007-115). 
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Figure  44.  Flat  Splitter  Vane  Rotation  Sequence. 
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Figure  45.  Biconvex  Splitter  Vane  Rotation  Sequence, 
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Figure  47.  Forward  Caai  Track  Bracket  (Drawing  4013007-033) 
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Figure  53.  Serrated  Connector  (Drawing  4013007-239). 
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Figure  56.  Link  Support  Bracket  (Drawing  4013007-10^). 
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VIEW  C  i65) 


5  AXIS  E  SHOWN  To  BE  PERPENDICULAR  TO 
SURFACE  F 
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Figure  37.  Link  Support  Assembly, 
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Fijnire  59.  Actuator  and  Drive  Links 
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Figure  61.  Actuator  Bracket  (Drawing  4013007-223). 
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Figure  64.  Variable  Area  Scroll  Assembly  (Drawing  4013007-450,  Sheet  2) 


65.  Photograph  of  LF2  Rotor  assembly. 
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00 : 9 


Bo  t  tom  View  of  Va. fable  Area  Scroll  Assembly. 


Top  View  of  Fan. 


b.  View  Looking  at  Bottom  of  Fan. 


Figure  68  Photograph  of  LF2AAS  Assembly  Installed  in 
Test  Facility. 
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Figure  69.  Hydraulic  System  Block  Diagram. 
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t,  ire  71.  Pii'>  t  o^i  a  ph  ol  Overboard  Dump  Valve  System 


Engine  2 


Note  :  View  shown  looking  upstream. 


Figure  72.  Core  Engine  Inlet  Instrumentation  - 
Station  2.0, 


23i 


s 


Notes  : 


Applicable  to 


Notes  : 

Instrumentation  as  Shown  Applicable  to  Both  Engines. 

View  Shown  Looking  Upstream, 

Figure  74.  Core  Engine  Tailpipe  Instrumentation  -  Station  6.0. 
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Top  Centerline  for 
Engine  1  Ducting 


Overboard  Dump  Ducting  Instrumentation  -  Station 


Notea  : 

PSA-1  curd  PSA-2  are  Scroll  Internal  Static  Preasure 
Tape. 

PSA-1  Located  at  12  o'clock  Position  on  Scroll  and 
PSA-2  Located  at  6  o'clock  Position. 


Scroll  Duct  Static  Pressure  Instrumentation. 
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Figure  76. 


Circular  Vane 
Trailing  Edge 
at  29.10  Radius 


PS10.2-C 


/PS10.2-B 


31.25 

Rad. 


I  Active 


PS10.2-D 


12  ;00 

Note  :  View  Shown  Looking  Upstream . 
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Figure  78.  Fan  Inlet  Instrumentation  -  Station  10.2. 
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Figure  79.  Fan  Bulletnose  Pressure  Instrumentation. 
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FT1G.6-C, 


PT10.6-B 


PT10.6-D 


Notes 


\ 

12.50 

Rad. 


31.4 

Rad. 


PSF-4 


Active 

Arc 


PT10.6-A 


12:00 


View  Shown  Looking  Upstream. 

PSF-1  and  PSF-2  are  on  Upper  Surface  of  Hub,  PSF-3  and 
PSF-4  are  on  Low'r  Surface. 
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Figure  80.  Rotor  Discharge  Pressure  Instn.mentai.iot 
Station  10.6. 
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Notes  : 

TS-1  located  at  90  degree  position  measured  clockwise 
looking  downstream. 

TS-2  located  at  210  degree  position. 

TS-3  located  at  330  degree  position. 


Figure  81.  Seal  Temperature  Instrumentation  Location. 
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Front  Frame  - 
Mounting  Pad 


TFF-7  and  TFF-8 


Notes : 

TFF-7  and  TFF-8  are  located  as  shown  on  the  12  o'clock 
and  6  o'clock  mount  positions,  respectively. 


Figure  82.  Front  Frame  Main  Strut  Temperature  Instrumentation, 


Instrumentation 


Side  of  Actuator 
and  TSA-4  on 
Outboard  Side 


Figure  84,  Variable  Area  Scroll  Actuator  Temperatures. 
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Notes  : 

SG-1A  and  SG-1B  are  located  as  shown. 

SG-2A  and  SG-2B  are  located  on  opposite  sides  of 
structure . 

SG-1A  and  SG-2A  are  active  gages  and  SG-1B  and 
SG-2B  are  temperature  compensating  gages. 


Figure  85.  Scroll  Actuator  Bracket  Instrumentation 


Figure  86.  Fan  Bearing  Temperature  Instrumentation.  •» 
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Bucket  thermocouple  (RT-3)  is  located  at  the  gage  7  location. 


Figure  88, 


Turbine  Bucket  Instrumentation  Location. 


Notes  : 

Gages  RF-1  and  RF-2  are  located  at  3  o'clock  position  on 
fan  looking  downstream  (vane  32). 


Gages  RF-2  and  RF-4  are  located  at  9  o’clock  position  on 
fat*  looking  downstream  (vane  66). 


Figure  89. 


Rear  Frame  Strain  G;  ge  Instrumentation, 
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Gage  3  — 

Convex  Side 


Gage  4  — 

Concave  Side 


0.60 

« 

r 

^ —  Blade  Trailing 

♦ 

_  Edge 

Direction  of  Gage 

<  Orientation 
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Control  Room,  East  Wall. 


Room,  South  Wall. 


Corrected  Inlet  Airflow,  W„  ,  Pounds/Second 


Corrected  Fuel  Flow,  r  ,  Pounds/Hour 


Tailpipe  Temperature 
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Turbine  Discharge  Corrected  Ideal  Gas  Horsepower 


Flgura  99, 


Cruise  Mode  Turbine  Dlttrharge  Ideal  Gas*  Horse¬ 
power  for  Engine  1,  YJ85-GE-5,  S  h'  230105. 
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Corrected  Thrust,  F  ,  Pounds 


Figure  101.  Correlation  of  Average  Tailpipe  Temperature 
With  Fuel-Air  Ratio  Tor  Engine  1.  YJH5-GE-5, 
S/N  230105. 


Corrected  Inlet  Airflow.  W„  .  Pounds/Second 


i 


Core  Engine  Corrected  Speed,  N^,  Percent 


Figure  103.  Cruise  Mode  Compressor  Inlet  Airflow  for 
Engine  2,  J85-GE-5,  S/N  231233. 
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Figure  104.  Cruise  Mode  Fuel  Flow  for  Engine  2,  J85-GE-5 
S/N  231233. 


Corrected  Turbine  Discharge  Pressure,  P._  ,  ,  psia 

to .  1C 


Core  Engine  Corrected  Speed.  N  ,  Percent 

ec 


Figure  105.  Cruise  Mode  Turbine  Discharge  Pressure  for 
Engine  2,  J85-GE-5,  S/N  231233. 
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Figure  106.  Calibration  of  Indicated  EGT  on  Digital  Recorder 
on  Engine  2,  J85-GE-5,  S/N  231233. 


Figure  108.  Cruise  Mode  Turbine  Discharge  Ideal  Gas  Horse¬ 
power  for  Engine  2,  J85-GE-5,  S/N  231233. 
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Corrected  Thrust,  F  .  Pounds 


Core  Engine  Corrected  Speed.  N  ,  Percent 

ec 


Figure  109.  Cruise  Mode  Thrust  foi  Engine  2,  J83-GE-5,  S/N  231233. 
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Average  Tailpipe  Temperature 


Fuel-Air  Ratio,  t 
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Figure  110.  Correlation  of  Average  Tailpipe  Temperature  With 

Fuel-Air  Ratio  for  Engine  2,  J85-GE-5,  S/N  231233. 
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Average  Tailpipe  Temperature 


Figure  112.  Effect  of  Bulletnose  Conf  iguntion  on  Engine 
Inlet  Dynamic  Head. 


Corrected  Fan  Speed,  N  ,  rpm 


Available  Fan  Horsepower,  JHF 

D  .  iC 


Figure  114.  Speed  Versus  Horsepower,  Run  7,  Stator 
Stiffener  Rings  Out,  6g  =  liO  Percent. 
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Corrected  Lift.  L  ,  Pounds 


1900  2000  2100  2200  2300  2400  2500 

Corrected  fan  Speed,  If  ,  rpm 


Figure  116.  Lift  Versus  Fan  Speed,  Sun  9,  Stator 
Stiffener  Rings  In,  6g  =  110  Percent. 
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Corrected  Lift,  L  ,  Pounds 


Corrected  Fan  Speed,  N  ,  rPm 


Figure  119.  Lift  Versus  Fan  Speed,  Run  17,  6g  =  80  Percent, 
Before  and  After  Bleed  Nozzle  Correction. 
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s  nitii 


Available  Fan  Horsepower,  FHP,. 


Figure  120.  Fan  Speed  Versus  Available  Fan  Horsepower 
Run  17,  6  =  80  Percent. 


Corrected  Lift,  L  ,  Pounds 


Corrected  Lift,  I.  ,  Pounds 


7000 


Corrected  Fan  Speed,  N^,  rpm 


Figure  122.  Lift  Versus  Fan  Spaed,  Run  17.  =  80  Percent, 

Slip  Ring  Cavity  Covered. 
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1000  2000  3000 

Available  Fan  Horsepower,  FHF,.  , 

5.1o 


Figure  127,  Lift  Versus  Available  Fan  Horsepower,  Run  17 
6  =  80  Percent,  Covered  Space  Around  Blade 

Tip  Tangs . 


Corrected  Lift,  L  ,  Pounds 


1600  1800  2000  2200  2400  2600 

Corrected  Fan  Speed,  rPm 


* 

Figure  128.  Lift  Versus  Fan  Speed,  Run  18,  =  80  Percent, 

3  to  6  O'clock  Inlet  Vane  Quadrant  Raised. 
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Figure  129.  Fan  Speed  Versus  Available  Fan  Horsepower, 

Run  18,  6g  =  80  Percent,  3  to  6  O'cIock  Inlet 
Vane  Quadrant  Raised. 
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Corrected  Fan  Speed,  N  ,  rpm 
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Figure  133.  Lift  Versus  Available  Fan  Horsepower,  Run  18, 
Exit  Louver  Removed. 
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Corrected  Fan  Speed,  Np^, 


rpm 


Figure  134.  Lift  Versus  Fan  Speed,  Run  18,  Inlet  Vane  Out 


Corrected  Fan  Speed,  N  ,  rpm 
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Available  Fan  Horsepower,  FTtP 


4000 


Figure  135.  Fan  Speed  Versus  Available  Fan 
Horsepower,  Run  18,  Inlet  Vane 
Out . 
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Corrected  Lift,  L  ,  Pounds 
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Available  Pan  Horsepower,  KHP^ 


Figure  136,  Lift  Versus  Available  Pan  Horsepower, 
Run  18,  Inlet  Vane  Out. 


Corrected  Lift,  L  ,  Pounds 


Figure  137.  Lift  Versus  Fan  Speed,  Run  19,  Improved  Forward 
Air  Seal. 


2 


Available  Fan  Horsepower,  FHP, 


5.1c 


Figure  138.  Fan  Speed  Versus  Available  Fan  Horsepower 
Run  19,  Improved  Forward  Air  Seal. 


Corrected  Lift.  L  .  Pounds 


Available  Fan  Horsepower,  FHP^  ^ 
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Available  Fan  Horsepower,  FHPg  ^ 


141.  Fan  Speed  Versus  Available  Fan  Horse 
power,  Rur  19,  Stator  Stiffener  Ring 
Out. 


Corrected  Lift.  L  ,  Pounds 
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Corrected  Fan  Speed 


2500 


Available  Fan  Horsepower,  FHP^ 


Figure  144.  Fan  Speed  Versus  Available  Fan  Horsepower, 
Runs  10  and  11,  Variable  6^  From  -8  to 
110  Percent . 
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Corrected  Fan  Speed 
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•It;  i 


Available  Fan  Horsenowe’*,  FHP.  , 

'  o.lc 


Figure  150,  Fan  Speed  Versus  Available  Fan  Horsepower 
Runs  15  and  16,  Variable  6C  From  Ota 
80  Percent,  By  =  0  Degrees? 
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Figure  151.  Lift  Versus  Available  Fan  Horsepower,  Runs  15 
and  16,  Variable  6g  From  0  to  80  Percent,  &y  = 
0  Degrees. 
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Corrected  Horizontal  Thrust,  F  ,  Pounds 
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Figure  152.  Thrust  Versus  Available  Fan  Horsepower, 

Run  15,  Variable  6g,  3y  =  0  Degrees. 
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gure  153.  Fan  Speed  Versus  Available  Fan  Horsepower,  Run  17 
6e  Variable  From  0  to  80  Percent,  0  =  -7  Degrees 


Corrected  Lift.  L  ,  Pounds 


Available  Fan  Horsepower,  FHP 

0 , 1C 


Figure  154.  Lift  Versus  Available  Fan  Horsepower,  Run  17,  6g 
Variable  From  0  to  80  Percent,  Sv  =  Degrees. 
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Corrected  Horizontal  Thrust,  F  ,  Pounds 


Corrected  Fan  Speed,  N_  ,  rpm 
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Available  Fan  Horsepower,  FIP 

3  1 1C 


Figure  156.  Fan  Speed  Versus  Available  Fan  Horsepower, 

Run  12,  5e  =  76  Percent,  B  -  10  Degrees, 
a  V 


fc 
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Figure  158. 


Available  Far.  Horsepower,  FHPj  lc 


Thrust  Versus  Available  Fan  Horsepower, 
Run  12,  6S  -  76  Percent,  0^.  =10  Degrees 


Corrected  Lift,  L  .  Pounds 


Available  Kan  Horsepower,  FHP,.  ^ 


Figure  160.  Lift  Versus  Available  Fan  Horsepower,  Run  16,  6g 
Vnriable  Froa  0  to  80  Percent,  =  20.5  Degrees. 
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Figure  161.  Thrust  Versus  Available  Fan  Horsepower, 

Run  16,  6„  Variable  From  0  to  80  Percent, 
=  20.5  Degrees. 
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Available  Fan  Horsepower,  FHP. 
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Figure  162,  Fan  Speed  Versus  Available  Fan  Horsepower, 

Run  12,  6  =  76  Percent,  0  =  30  Degrees, 

o  V 
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Available  Fan  Horsepower,  FHP,.  , 

5.1c 


Figure  163.  Lift  Versus  Available  Fan  Horsepower. 

Run  12,  6_  =  76  Percent.  6  ;  30  Degrees 


Corrected  Horizontal  Thrust,  F  ,  Pounds 


Figure  164,  Thrust  Versus  Available  Fan  Horsepower, 

Run  12,  6  =  76  Percent,  =  30  Degrees. 
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Figure  165,  Fan  Speed  Versus  Available  Fan  Horsepower,  Run  16 
6_  Variable  From  0  to  80  Percent,  P  =37  Degrees 


1000 


Figure  166 


t  Versus  Available  Fan  Horsepower,  Run  16,  6g 

iable  From  0  to  80  Percent,  0  =37  Degrees. 
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Corrected  Horizontal  Thrust,  F  ,  Pounds 


Dump  Valve  Position,  6  ,  Degrees  From  Full  Open  Position 


Notei. 


Open  Symbols  Denote  Data  As  Measured. 


Solid  Symbols  Denote  Data  Corrected  to  Rated 
Exhaust  Gas  Temperatures. 


Scroll  Actuation  Position,  6  ,  Inches  of 
Stroke  From  Full  RetrXcted 


Figure  168,  Variation  of  Scroll  Actuator  Position  and  Dump  Valve 
Actuator  Position  as  Required  to  Maintain  Constant 
Core  Engine  Operation. 
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Stroke  Frr m  Full  Retracted 


Figure  169.  Scroll  Actuator  and  Pump  Valve  Position  Variation 
With  Percent  of  Scroll  Actuator  Stroke. 


Percent  of  Total  Core  Engine  Power  Delivered  to  Fan  Scro 
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Scroll  Actuator  Position,  6Q,  Percent 


Figure  171.  Engine  Horsepower  Delivered  to  Fan  as  a 
Function  of  Scroll  Position  for  Final 
Rigging . 
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Scroll  Actuator  Position,  6  ,  Percent 

P 


Scroll  Actuator  Position,  6  ,  Percent 

s 


Scroll  Actuator  Position,  6C,  Percent 


Figure  172.  Effects  of  Scroll  Area  on  Engine  1  Performance 
for  Initial  Rigging. 
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Flow  Airflow  Turbine  Discharge 

Function  Pounds/Second  Pressure,  psia 


Scroll  Actuator  Position,  6  ,  Percent 


Scroll  Actuator  Position,  6  ,  Percent 
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Figure  173,  Effects  of  Scroll  Area  on  Engine  1  Performance 
for  Initial  Rigging. 
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Figure  174.  Effects  of  Scroll  Area  on  Engine  2  Performance 
for  Initial  Rigging. 
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Figure  175. 


Effects  of  Scroll  Area  on  Engine  2  Performance 
for  Initial  Rigging. 
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Figure  176,  Effects  of  Scroll  Area  on  Engine  1  Performance 
for  Final  Rigging. 
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Figure  177,  Effects  of  Scroll  Area  on  Engine  1  Performance 
for  Final  Rigging. 
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Figure  178.  Effects  of  Scroll  Area  on  Engine  2  Performance 
for  Final  Rigging. 
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Flow  Airflow,  Turbine 

Function  Pounds/Second  Pressu 


Figure  179.  Effects  of  Scroll  Area  on  Engine  2  Performance 
for  Final  Rigging. 
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Figure  180. 


Scroll  Actuator  Position,  6  ,  Percent 

’  s’ 


Variation  of  Scroll  Flow  Function  With  Scroll  Actuator 
Position . 


Loss  Coefficient  (Between  Engine  Discharge 
and  Ends  of  Scroll  Arms) 


Figure  181.  Variation  of  Scroll  Loss  Coefficient  With  Scroll 
Actuator  Position, 


Loss  Coefficient-  (Between  Engine  Discharge 
of  Scroll  Arsis) 
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Figure  182.  Variation  of  Scroll  Loss  Coefficient  With  Scroll  Flow 
Funct ion . 
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Figure  183.  Variation  of  Scroll  Effective  Area  With  Scroll  Actuator 
Poalt ion . 
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Loss  Coefficient  (Between  Engine  Discharge  and  Dump  Valve  Inlet) 


20 


24 


28 


32 


36 


40 


a 

a 

i 


vn 

tr 


13 


Overboard  Duct  1  Flow  Function, 


W  VT 
PI  t5,ll 

p 

t5.11 


Figure  184,  Variation  of  Overboard  Dump  System  Losses  With 
Flow  Function. 
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Dump  Valve  Effective  Area,  AeJJ,  Square  Inches 
(Based  on  P  Measurements) 
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Dump  Valve  Position,  6„.  Degrees 


Figure  185.  Variation  of  Dump  Valve  Effective  Area 
With  Position. 
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Impressed  Frequency,  f,  Cycles  Per  Second 


Impressed  Frequency,  f,  Cycles  Per  Second 


Figure  189,  Frequency  Response  Characteristics  Based  on  Fan 
Speed,  Npc  =  1780  rpm,  6g  =  20  ±20  Percent. 


Attenuation,  a,  Decibels  Phase  Angle,  0,  Degrees 


N  =  1940  rpm  6„  =  50  ±50  Percent 
Pc  S 
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Impressed  Frequency,  f,  Cycles  Per  Second 


Figure  191. 


Frequency  Response  Characteristics  Based  on 
Fan  Speed,  Np,,  =  1940  rpm,  °s  =  50  t50  Percent 


Attenuation,  a,  Decibels  Phase  Angle,  <f>,  Degrees 


N  =  2050  rpm 

Fc 


70  ±10  Percent 
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Impressed  Frequency,  f,  Cycles  Per  Second 
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Figure  192. 


Frequency  Response  Characteristics  Based  on  Fan 
Speed,  NFc  =  2050  rpm,  6g  =  70  ±10  Percent. 


Attenuation,  a,  Decibels  Phase  Angle,  0,  Degrees 


N_,  =  2050  rpm 
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6„  =  70  ±20  Percent 
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Figure  193.  Frequency  Response  Characterlst  li  s  Based  or>  Fa 
Speed,  N_  =  2050  rpm,  6„  =  70  *20  Percent. 


pc 


=  2050  rpm 


6  =  70  +30  Percent 

S 


Impressed  Frequency,  *,  Cycles  Per  Second 


0.U4  0.10  0.20  0.40  1.0  2.0  4.0 

Impressed  Frequency,  f,  Cycles  Per  Second 


94.  Frequency  Response  Characteristics  Bared  on  Fan 
Speed,  NFc  ^  2050  rpm,  =  70  +30  Percent. 
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Attenuation,  a.  Decibels  Phase  Angle,  0,  Degrees 


H  =  2000  rp.-> 
re 


6  =  20  ±20  Percent 
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Impressed  Frequency,  f.  Cycles  Per  Second 
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Figure  196.  Frequency  Response  Characteristics  Based  on  Fan 

Speed,  N  =  2000  rpm,  6C  =  20  ±20  Percent. 
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Attenuation,  a.  Decibels  Phase  Angle,  0,  Degrees 
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6_  =  70  ±10  Percent 
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Figure  199.  Frequency  Response  Characteristics  Based  on  Fan  Speed, 

N  =  2330  rpm,  6  =  70  ±10  Percent . 
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Attenuation,  a,  Decibels 


Figure  201.  Frequency  Response  Characteristics  Based  on  Fan 
N  =  2330  rpm,  6  =  70  ±30  Percent. 
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Figure  202.  Frequency  Response  Characteristics  Based  on  Fan 
Speed,  5Fc  =  2370  rpm,  6g  =  80  ±20  Percent. 
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Figure  203.  Typical 
a  Sinu6 


Attenuation,  a,  Decibels  Phase  Angle,  0,  Degrees 


Tj  =  0.31;  m  =  1  (Nominal);  6g  =  50  ±10  Percent 
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Figure  204,  Frequ  ncy  Response  Characteristics  of  the  Jazzer. 

T  =  0.31,  m  =  1,  6  =  50  ±10  Percent. 
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Attenuation,  a,  Decibels  Phase  Angle,  0,  Degrees 


Npc  =  2220  rpm  6g  =  50  ±10  Percent 

T  =  0.31  m  =  1  (Nominal) 

J 


0.04  0.10  0,20  0.40  1.0  2.0  4.0 


Impressed  Frequency,  f,  Cycles  Per  Second 


Figure  205.  Frequency  Response  Characteristics  With  Jazzer, 

Based  on  Fan  Speed,  N  =  2220  rpm,  m  =  1, 

6„  =  50  ±10  Percent. 
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Figure  206 
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Frequency  Response  Characteristics  With  Jazzer, 

Based  on  Thrust,  K  =  2220  rpm,  m  =  1, 

6  =  50  +10  Percent . 
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Attenuation,  a,  Decibels  Phase  Angle,  0,  Degrees 


T  =  0.31;  m  =  1  (Nominal);  &  =  50  120  Percent 

J  s 
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Figure  207.  Frequency  Response  Characteristics  of  the  Jazzer . 

t  =  0.31,  m  =  1,  6  =  50  ±20  Percent. 
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Attenuation,  a.  Decibels  Phase  Angle,  0,  Degrees 


N_  =  2220  rpm  6.  =  50  ±20  Percent 

Fc  o 
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Impressed  frequency,  f,  Cycles  Per  Second 


Impressed  Frequency,  f,  Cycles  Per  Second 


Figure  208.  Frequency  Response  Characteristics  With  Jazzer, 
Based  on  Fan  Speed,  N?c  =  2220  rpm,  m  =  1, 

6  =  50  +20  Percent. 
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Figure  209.  Frequency  Response  Characteristics  With  Jazzer. 

Based  on  Thrust,  N_  =  2220  rpm,  m  =  1, 

6„  =  50  ±20  Percent, 
b 
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Figure  211.  Frequency  Response  Characteristics  With  Jasrer, 

Based  on  Fan  Speed,  Nfc  =  2220  rpm,  »  =  3, 

6  =  50  ±10  Percent . 
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Figure  213.  Typical  Response  Characteristic  for  a  Step  Input  of 
±  20  Percent.  N  =  100  Percent. 
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Figure  215.  Fan  Time  Constants  During  Step  Inputs 

Based  on  63  Percent  of  Change  During 

Transient,  N  =95  Percent, 
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Figure  216.  Fan  Time  Constants  During  Step  Inputs  Based  on 
63  Percent  of  Change  During  Transient,  N  =  100 
Percent. 
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Figure  220.  Fan  Time  Constants  During  Step  Inputs  Using  Fan 
Area  for  Height  Control. 
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Figure  222.  Variation  of  Fan  Speed  Tl»e  Conatant  Mth 

Sire  of  Speed  Chrnge  Csing  Engine*  for  Altitude 
Control,  *  0  Percent  and  ‘s  -  20  Percent. 
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Percent  Change  in  Fan  Speed 

Variation  of  Fan  Speed  Time  Constant  With 
Size  of  Speed  Change  Using  Engines  for  Altitude 
Control,  6  =  10  Percent  and  6  =  60  Percent 


63  Percent  of  Change) 


Figure  224.  Variation  of  Fan  Speea  Time  Constant  With 
Size  of  Speed  Change  Using  Engines  for 
Altitude  Control,  5  =  80  Percent. 


Figure  225.  Typical  Fan  Inlet  Screen  Temperature  Distribution. 


Figure  22G.  Fan  Inlet  Screen  Temperature  Distribution  With  High 
Reingestion  Region, 
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Figure  227.  Fan  Flow  Coefficient  and  Pressure  Coefficient  Characteristics,  Run  7,  Stator 
Stiffener  Rings  Out.  6_  =  100  Percent. 


Cold  In  Average 


l  ‘ju ej3Tj;eoo  eanaaaJd  »3j»qo«ta  pus  '♦  ‘luoioijjaoo  *°\i  j»tui 


396 


Figure  229.  Fan  Flov  Coefficient  and  Pressure  Coefficient  Characteristics,  Bun  11,  Stator 
Stiffener  Bings  In,  6_  =  0  Percent. 
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Figure  233.  Fan  Floe  Coefficient  and  Pressure  Coefficient  Characteristics,  Run  18,  Bxit 
Louvers  Removed,  =  80  Percent. 
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Flfure  234.  Fan  Flow  Coefficient  and  Pressure  Coefficient  Characteristics,  Run  18,  Inlet 
Vane  Oui,  5,  =  80  Percent. 
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Figure  235.  Fan  Flow  Coefficient  and  Pressure  Coefficient  Characteristics,  Run  19,  Improved 
Forward  Air  Seal,  6„  =  80  Percent. 
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Ambient  Temperature  =  79°F  Note:  Locations  treasured  Clockwise 

From  12  O'clock  Looking  Up- 
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Figure  237.  Typical  Core  Engine  Inlet  Temperature  Distribution 
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Figure  239.  Typical  Engine  1  Turbine  Discharge 
Pressure  Profile. 
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Figure  240.  Typical  Engine  2  Turbine  Discharge  Pressure 
Prof i le . 
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Figure  241.  Tailpipe  Temperature  Profile  of  Engine  J,  YJ85-GE-5,  S/N  230105,  Ng  -  97.5  Per¬ 
cent.  A„  =  117.8  Square  Inches. 
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Profile  of  Engine  2,  J85-(2:-5,  S/N  231233,  N  =  100.4  Percent 


1690 


Figure  243.  Temperature  Distribution  Measured  in  Dump  System  Supplied  by  Engine 
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Figure  244.  Temperature  Distribution  Measured  in  Dump  System  Supplied  by  Engine 
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Figure  246.  Pressure  Distr  : but  ion  Measured  in  Dump  System  Supplied  by  Engine 
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Figure  247.  Observed  Vibration  Characteristics  of  Engine  1. 


414 


Engine  Speed,  N  ,  Percent 


Figure  248.  Observed  Vibration  Characteristics  of  Engine  2 
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Figure  249.  Observed  Fan  Vibration  Characteristics. 
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Fan  Bulletnose  Axial  Displacement,  Mils 
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Figure  250.  Comparison  of  Fan  Bulletnose  Axial  Vibration 
Measurements . 


417 


Temperature,  °F  Temperature 


8 


TFF-4 


Figure  253.  Front  Frame  Flange  Temperature. 


Figure  254.  Front  Frame  Tube  Temperatures. 
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Figure  259.  Overall  Blade  Stress  Level  Versus  Fan  Speed  for 
Blade  Gage  4,  6„  =  80  Percent. 
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Figure  260,  Overall  Blade  Stress  Level  Versus  Fan  Speed  for 
Blade  Gage  4,  6 60  Percent. 
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Figure  2S2.  Overall  Blade  Stress  Level  Versus  Fan  Speed  for 
Blade  Gage  4.  6„  =  20  Percent. 
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Figure  263.  Overall  Blade  Stress  Level  Versus  Fan  Speed  for 

Blade  Gage  4,  6=0  Percent, 
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Overall  Stress  Level,  1000  psl 
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Figure  264.  Peak  Blade  Stress  at  1610  rpm  Versus  Scroll 
Actuator  Position  for  Blade  Gage  4.  Blade 
First  Flexural  Frequency  With  12-Per- 
Revolution  Excitation, 
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Overall  Stress  Level,  1000  psi 
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Figure  265.  Peak  Blade  Stress  at  1850  rpm  Versus  Scroll 
Actuator  Position  for  Blade  Gage  4.  Blade 
Second  Flexural  Frequency  With  16-Per- 
Revolution  Excitation. 
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Figure  266.  Peak  Blade  Stress  at  1960  rpm  Versus  Scroll 
Actuator  Position  for  Blade  Gage  1.  Wheel 
30  Mode  Critical  Speed. 
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Overall  Stress  Level,  1000  psi 


Exit  Louver  Vector  Angle,  13^,  Degrees 


Figure  267,  Peak  Blade  Stress  Level  in  First  Flexure;  and 
Second  Flexural  Modes  Versus  Exit  Louver 
Vector  Angle  for  Blade  Gage  4. 
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Figure  268,  Overall  Blade  Stress  Level  Versus  Fan  Speed  to  Show 
Effect  of  Removing  the  Inlet  Vane. 
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Figure  271.  Turbine  Bucket  Overall  Stress  Level  Versus  Fan  Speed 
for  100“ Percent  Open  Scroll  Area  and  for  Reduced 
Scroll  Area  at  95-Percent  Engine  Speed. 


436 


Overall  Stress  Level,  1000  psi 
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Overall  Stress  Level,  1000  psi 
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Figure  277.  Turbine  Bucket  Predominant  Vibratory  Frequency 
Versus  Fan  Speed. 


igure  278.  Turbine  Bucket  Gage  7  Spectrum  Analysis,  1900  and  2100  rpm 


One  Per  Rev  Stress  Corrected  for  Ambient  Pressure,  a. /i  ,  1000  psi 


Figure  281.  Turbine  Ducket  Onc-Per-Revoiution  Stress 
Levels,  Gajie  7. 
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Figure  284.  Effect  of  Scroll  Area  on  Turbine  Bucket  Stress 
Wave  Form,  Gage  7. 


Figure  285,  Torqu^  Bard  Overall  Stress  Level  Versus 

Fan  Speed  for  80-Percent  Open  Scroll  Area, 
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Figure  287.  Torque  Band  Overall  Stress  Level  Versus 
Scroll  Effective  Area. 
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Figure  283.  Rotor  Stress  Transient  Response,  Scroll  Actuator 

Sine  Wave  Input,  6  =  50  ±20  Percent, 
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Figure  289.  Time  History  of  Rotor  Component  Temperatures. 


Figure  290.  Rotor  Component  Temperat ures  Versus  Scroll 
Actuator  Position  for  Constant  Engine  Power 
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293.  Ball  Bearing  and  R 
Versus*  Fun  Speed. 
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Figure  297,  Fan  Circular  Vane  Orientation. 
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Figure  300.  Variation  of  Fan  Scroll  Total  KMectivt 
Physical  Area  With  Actuator  Stroke, 
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Figure  301,  Ducting  System  Losses  Versus  Flow  Function. 
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Fir-1  Flow,  Turbine  Discharge 

Pounds  Per  Hour  Flow  Function 
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Figure  ;i(Kl  .  Ivpiciil  JH5  J4  Performance,  Fuel 
Flow  and  Flow  Function. 
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Figure  305.  Variation  of  Lift  With  Fan  Speed  Used 
in  .Analysis,  Scroll  Arc  Constant  at 
168  Degrees . 
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Figure  306.  Variation  of  Fan  Speed  With 
Available  Horsepower  Used 
in  .Analysis. 
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Figure  308,  Effects  of  Scroll  Arc  on  Fan  Horsepower 
Absorption  Characteristics. 
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Figure  309,  Comparison  of  Scroll  Actuator  Position 
and  Scroll  Arc  Size. 
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Figure  313.  Estimated  Fan  Speed  Variation  With  Scroll 

Arc  or  Actuator  Position  ior  the  Fan  Driven 
by  J85/J4  Engines . 
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Fan  Speed  Ratio 


Figure  315.  Fan  Speed  Versus  Indicated  Louvor  Angle  and  Scroll 
Actuator  Position  at  Constant  Core  Engine  Horse- 
powe  r . 
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Figure  317.  Horizontal  Thrust  Variation  With  Louver 
Angle  anct  Scroll  .Actuator  Position  lor 
Constant  Core  Kngine  Horsepower. 
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Figure  319,  Comparison  of  X353-5B  and  LF2  Far,  Test 
Results. 
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Figure  320,  Comparison  of  Fan  Speed  Versus  Avail¬ 
able  Fan  Horsepower  With  Characteristic 
From  First  LF2  Test  Configuration. 
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Figure  321.  Frequency  to  Time  Constant  Conversion  Chart. 
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Figure  322,  Effects  of  Scroll  Position  and  Size  of  Scroll 
Position  Change  on  Fan  Time  Constant, 

N  =95  Percent. 
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Figure  32b.  Theoretical  Response  Characteristics 
of  a  Fan  With  a  Jazzer  Magnification 
Factor  of  1.0. 
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Figure  326.  Theoretical  Response  Characteristics 
of  a  Fan  With  a  Jazzei'  Magnification 
Factor  of  3,0, 
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Figure  327,  Comparison  of  Time  Constants  Measured  for 

Sine  Wave  and  Step  Input  Types  of  Commands. 
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Time  Required  To  Achieve 
Level  of  Command,  Seconds 


Figure  330.  Effects  of  Actuator  Slew  Rate  on  Ti  — 
Required  to  Achieve  Command  Level 
During  Step  Inputs. 
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Figure  331.  Effects  of  Actuator  Slew  Rate  and  Size  o 
Step  Command  on  Actuator  Overshoot  With 
Jazzer . 
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Figure  333.  Steady  State  Frequency  Response  Characteristics  of  the  Vertical 
Lift  System  Based  on  a  Time  Constant  of  0.47  Second. 
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Figure  334.  Comparison  of  Fan  Response  Based  on  Fan  Speed 

and  Corrected  Lift  Data,  =  0.31,  m  =  1.0, 

5  =50  +20  Percent. 
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Figure  335.  Comparison  of  Fan  Response  Based  on  Fan  Speed 
and  Corrected  Lift  Data,  T  =  0.31,  m  =  1.0, 
6g  =  50  ±10  Percent. 
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Attenuation,  a.  Decibels  Phase  Angle,  0,  Degrees 
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Data  Based  on  Type  7  Gage,  Scroll  Area  Set  At  Full 
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Figure  338.  Harmonic  Breakdown  of  Exciting  Forces  in  the  LF2/VAS  System  at  Fuli  Open 
Scroll  Conditions. 


Figure  339  General  Electric  Evendale  Analog  Computer  Laboratory 
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Figure  344.  J85/J4  Gas  Generator  Unbalanced  Power  Factor  (dQe/dP, 

Engine  Speed. 
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Figure  347.  LF2  Lift  Fan  Scroll  Total  Pressure  Loss 
Versus  Scroll  Flow  Function. 
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Figure  353  LF2  Tip  Turbine  Map  -  Energy  Function  Versus  Corrected 
Speed  and  Turbine  Pressure  Hallo. 
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Figure  356.  Tip  Turbine  Map  Operating  Line 
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Figure  357.  Tip  Turbine  Arc  of  Admission  and  Flow 
Related  to  Analog  Fan  Area. 


Fan  Speed,  rpm 


Figure  359.  Fan  Steady~State  Speed  Versus  Analog  Fan  Area. 
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Fan  Lift,  Pounds 


Figure  360.  Fan  Steady-State  Lift  Versus  Analog  Fan  Area. 
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Initial  Analog  Fan  Area,  Percent 


Figure  364.  Analog  Results  -  Fan  Speed  Time  Constants  for 

Positive  Step  Changes  In  Fan  Area  Without  a  Jar 
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Kigure  367.  Comparison  of  Analog  and  Hardware 
Tost  Results  -  Kan  Speed  Time  Con 
stonta  for  Positive  Step  Changes 
ir.  Kan  Area  Without  a  Ju/.zor. 
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Figure  369.  Analog  Results  -  Fan  Thrust  Time  Constants  for 

Positive  Step  Changes  in  Fan  Area  Without  a  Jazzer 
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Figure  370.  Analog  Results  -  Fan  Thrust  Time  Constants  for 

Negative  Step  Changes  in  Fan  Area  Without  a  Jazzer 
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Figure  373.  Typical  Analog  Recorder  Trace  of  Fan  Response 
to  a  Step  Change  in  Fan  Area  With  a  Jazzer. 
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Figure  376.  Steady-State  Frequency  Response  - 
Comparison  of  Analog  anti  Test 
Results  for  lest  Actuator  Stroke 
of  50  +20  Percent  Without  a  Ju/./.er. 
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Figure  377.  Steady-State  Frequency  Response  -  * 

Comparison  of  Analog  and  Test  Results 
for  Test  Actuator  Stroke  of  50  ±50  Per¬ 
cent  Vlthout  a  Jazzer. 
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Figure  379.  Steady-State  Frequency  Response  - 

Comparison  of  Analog  and  Test  Results 
for  Test  Actuator  Stroke  of  70  ±20  Per 
cent  Without  a  Jazzer. 
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Figure  382,  Steady-State  Frequency  Response  -  Analog 
Results  for  100  ±10  Percent  Area  Without 
a  Jazzer . 
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Figure  384.  Steady-State  Frequency  Response  - 
Comparison  of  Analog  and  Test  Re¬ 
sults  for  Fan  Test  Actuator  Stroke 
50  ±10  Percent  With  Jazzer  Magnifi 
cation  Factor  of  1. 
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Figure  385.  Steady-State  Frequency  Response  -  Comparison 
of  Analog  and  Test  Results  for  an  Actuator 
Stroke  of  50  ±20  Percent  With  a  Jazzer 
Magnification  Factor  of  1. 


560 


Attenuation,  Decibelr  Phase  Angle,  Degrees 


+20 
0 

-20 
-40 

-60 
-80 

-100 

+10 

0 

-10 

-20 

»  0.05  0.10  1.0  5.0 

Impressed  Frequency,  cps 


> 


Figure  386.  Steady-State  Frequency  Response  - 
Comparison  of  Analog  and  Test  Re¬ 
sults  for  Test  Actuator  Stroke 
50  ±10  Percent  With  Jazzer  Magnifi¬ 
cation  r  or  of  3  . 
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Figure  387.  Steady-State  Frequency  Response  -  Analog  Results 
for  100  ±5  Percent  Area  With  a  Jazzer  Magnifi¬ 
cation  Factor  of  1 . 
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Figure  388.  Steady-State  Frequency  Response  -  Analog  Results 
for  100  +5  Percent  Area  With  a  Jazzer  Magnifi¬ 
cation  Factor  of  2. 


563 


Attenuation,  Decibels  Phase  Angle,  Degrees 


Impressed  Frequency,  cps 


Figure  339.  Steady-State  Frequency  Response  -  Analog  Results 
for  100  t5Q  Percent  Area  With  a  Jazzer  Magnifi¬ 
cation  Factor  of  3. 
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Steady-Slate  Frequency  Response  -  Analog  Results 
for  100  *5  Percent  Area  With  a  Jazzer  Magnification 
Factor  of  4. 
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Figure  390. 
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Steady-State  Frequency  Response  -  Analog  Fan  Area 
Response  for  100  ±5  Percent  Area  Vith  a  Jazzer 
Magnif icition  Factor  of  1. 
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Figure  392.  Steady-State  Frequency  Response  -  Analcg 
Results  for  100  ±10  Percent  Area  With  e 
Jazzer  Magnification  Factor  of  1. 
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Figure  393.  Steady-State  Frequency  Response  - 
Analog  Results  for  100  ±10  Percent 
Area  With  a  Jazzer  Magnification 
Factor  of  3 . 
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Figure  395.  Analog  Results  -  Summary  of  Effects 
of  Jazzer  on  Fan  Response  for  Roll 
Control . 
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Figure  397.  Analog  Results  -  Fan  Speed  and  Thrust 
Versus  Fan  Analog  Area,  Using  Fans  for 
Height  Control. 
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Figure  398.  Analog  Results  -  Engine  Speed  and  Exhaust 
Temperature  Versus  Fan  Analog  Area,  Using 
Fans  for  Height  Control. 
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&  Figure  399.  Analog  Results  -  Fan  Speed  and  Thrust  Time 

Constants  for  Step  Changes  in  Fan  Area  From 
the  Design  Point,  Using  Fans  for  Height  Control. 
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Figure  400=  Analog  Results  -  Fan  Speed  and  Thrust  Time 

Constants  for  Step  Changes  in  Fan  Area  to  the 
Design  Point,  Using  Fans  Tor  Height  Control. 
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Figure  401.  Analog  Results  -  Effects  of  Jazzer 
Washout  Rate  on  Fan  Time  Constants 
lor  Step  Changes  ‘  •  Fan  Area  Using 
Fans  for  Height  Control. 
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Figure  403.  Analog  Results  -  Engine  and  Fan  Time  Constants 
for  Step  Changes  in  Engine  Speed,  Using  Engines 
for  Height  Control. 
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Figure  405.  Lift  Contribution  of  Bleed  Nozzles  Versus 
Core  Engine  Speed,  Run  17,  6  =  80  Percent 
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Figure  40G.  Bleed  Nozzle  Thrust  Contribution  Versus  Core 
Engine  Speed,  Run  17,  6C  =  80  Percent. 
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Figure  408.  JB5/U2  Gae  Power  Transfer  Performance. 
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Figure  410.  Comparison  of  Dynamic  Response  for 
Gas  Power  Transfer  and  Thrust 
Spoiling. 
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